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e ABSTRACT

The evaluation of prospective materials for long life cold cathodes in
,: crossed-field tubes has involved a materials investigation (Phase A),

é including secondary emission measurements and the study of electron and

ion bombardment effects, and a second phase (Phase B) consisting of the
testing of cold cathodes in crossed-field amplifier. (CFA' s) at medivm

to high power levels,
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The main thrust of the program has been to respond to the life-
limiting characteristics of the oxide-containing cold cathodes ir the electron
and ion bombardment environment of a CFA, The pure (unoxidized) metallic
cold cathodes have a longer life expectancy but a lower secondary emission
ratio (and therefore lower available current) in a CFA,
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Both the materials investigation phase and the tube evaluation phase
of the program have demonstrated the advantages cf thin films of A1203 and
BeO, and impregnated tungsten, although exploratory experiments were also
performed on other materials of interest, such as semiconducting diamond,
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boron nitride, silver-magnesium, and beryllium-copper. It was shown that
dissociation of the oxide films caused by electron bombardrinent in an
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operating CFA can be overcome by providing a low pressure atmosphere

of O2 and that § can thereby be stabilized at ar acceptably high value over
extended periods of time. CFA life tests of up to 1000 hours have confirmed
the feasibility of this approackh.
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Our experiments performed during both phases of the total program
indicated a tendency of § to stabilize at a value intermediate between the
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maximum and minimum values found as a result of repeated electron bom-
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bardment dissociatiocr and OZ-assisted regeneration of the surface oxides.
This may be tentatively explained by assuming that, after much surface
manipulation, a metal-rich film of only 2-3 atom layers forms at the

surface, thus protecting the é-enhancing oxide layer underneath from further
dissociation.
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The effects of typical tube gases other than C>2 on Be and Al cold
cathodes were also investigated in Phase A, The beneficial effects of
HZ' COZ’ and NZ on §, observed particularly on Be cathodes, reminded
one of the behavior of many metals which show a higher & prior to degassing
The non-specific nature of the effect leads one to discount surface dipole
effects but rather to suspect a connection with the known lewering of the

photoelectric work function due to gas absorbed perhaps to some depth into

the metal.

The work performed on the barium-calcium-aluminate impregnated
tungsten cathode demonstrated its stability under electron bombardment
and in actual CFA operation. During a 350-hr CFA test the emission
current boundary stayed practically constant, the cathode not requiring
any initial thermal cutgassing and activation. The tungsten cathode
impregnated with barium-calcium-aluminate is therefore believed to be
activated by electron and/or ion bombardment by releasing Ba from the
aluminate and enhancing its diffusion along the tungsten surface. The

kigh stability of the irapregnated tungsten cathode implies adequate reactiva-
tion kinetics.,

Based on the results of this investigation, the following guidelines are

presented for the optimum selection of CFA cold cathede materials,

) Average Emission Recommended
Required Current Density Emitter Type
Required

> 2.4 <15 mA/ctn2 Oxygen assisted
Al or Be

1.9-2.5 <30 mA/ cm® Barium-calcium-
aluminate impregnated
tungsten

—<- 1. 9 """"""" Pt

- iv -




CFA life tests of up to 1000 hours have demonstrated successful
operation of the impregnated W emitter as well as the oxygen-assisted Al
and Be cathodes, with no indication of life limitation., Oxygen stabilization
can indeed achieve very long cathode life, Oxygen source life of 10, 600
hours in a high stress level CFA is believed to be achievable, Both Pt
and impregnated tungsten cold cathodes can be reliably employed in applica-
tions and tube designs requiring 6! s of up to 1.8 to 2,5, but higher §

requirements call for oxide-film cold cathodes,
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FOREWORD

This is the final report of a 3-ycar program of extensive investigation,
sponsored by the Advanced Research Project Agency, with technology guidance
provided by the United States Army Command, Fort Monmouth, New J ersey,
to determine the secondary emission properties and life expectancy of
candidate cold cathode materials in operating microwave crossed-field
amplifiers, The total project, consisting of two phases, was supervised by
L. Lesensky of Raytheon Company. Principal contributors to Phase A
(materials investigation) were D.K.Das, L. Lesensky and H, H, Miller,

Phase B (CFA testing) contributors were M,Axnum, K.W. Dudley, R.A.Handy
and C,R.McGeogh. F.T.Hill contributed to the writing of the Final Report.
D. Dobischek of ECOM contributed significantly to technical discussions

and project review,
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1., PURFOSE

The Materials, Processes, and Techniques Group of the Microwave and
Power Tube Division of Raytheon Company has conducted an extensive study
of selected cold cathode materials to determine their secondary emission
properties and their ability to withstand the environmental conditions in an
operating crossed-field amplifier. Raytheon Company had been actf'.vely
engaged in the research and development of cold cathode materials” for
crossed-field devices for many years before the initiation of this program
of study sponsored by the United States Army Electronics Command, Fort
Monmouth, New Jersey, under contract DA-28-043-AMC-01698(E).

3
3
3
i
i

" The objective of this program is to develop long life cold cathodes
capable of enduring bombardment by ions and large concentrations of high
voltage electrons over periods of tine up to 10, 000 hours.

The use of a "cold' cathode is essential for efficient 0pe’ration of devices
being studied in this program, It is necessary that the cathode emit
principally by secondary emission, rather than by thermioric emission in these
devices. Aithough the cold cathode does not require thermal energy for secondary
electron emission, the cathode may actually be at elevated temperature due to
eiectron bombardment.

2, INTRODUCTION

2.1 Properties of materials for cold cathodes. The choice of cold
cathode materials for use in crossed-field amplifiers (CFA's) is predicated upon the
long life requirement in the severe environment of this device. A knowledge
therefore of the following physical phenomena of materials was ccnsidered

. essential: .
a, Secondary emission ratio (§) as a function of primary energy.
b, The effect of high electron bombardment current density on 6.
§ c.  The spattering erosion of candidate materials due to ion

bormnbardment,
d. The effect of typical tube gases on 5,

e. The effect of metal vapors on 6.

L 6 as a function of angle of incidence,

Of the above factors, because of their importance, the first three
{a, b, ¢) received the most attention.

2.2 Significant technical areas in support of this program. The
discussion of significant technical areas presented below will (1) focus
attention on the desirable properties of cold cathode materials and on the
principal life-limiting factors in CFA operation, and (2) provide guidelines

-1~
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for the selection of crld cathode materials, Bassd on the above motivations,
certain areas were selected for intensive investigation. The discussion is
based on technical literature and consultation, and consists of the high-lighted
technical areas as follows:

a, The relation between CFA performance and secondary emission
properties. This is expressed principaily in terms of the emis-~

sion current boundary (ECB) phenomenon in cold cathode crossed-
field tubes.

b, The basic mechanisms of secondary emission. High secondary
emission ratios (6's) are desirable and, while attempting to
develop long life cold cathode materials, it is wall to keep those
factors in mind which tend to increase 5.

Ce Electron bombardment effects. This is a life limiting factor.
Both quantitative data ccncerning the effect on é and an under-
standing of the dissociation processes are desirable.

d. Ion bombardment effects. Sputtering erosion is deemed to be a
significant factor in limiting the life of oxide film secondary
emitters. A number of tne candidate materials under considera-
tions in this program were oxide films.

e. Current transmission. The secondary emitting oxide film cathode
must be capable of transmitting large tube currents (an important
factor if thick non-conducting films are needed for life).

2.3 The relation between crossed-field amplifier (CFA) performance
and secondary emission properties. Crossed-field amplifiers exhibit an
emission current boundary which is the locus of emission-limited maximum
current termini of operating lines (each operating line is at a constant
magnetic field) in the V-~I plare. One can understand the basic phenomenon
by considering a current balance equation at the emission current boundary
{ECB) of the form, I, = (6-1)pp.

With the assumption that the available thermionic current is zero, as
appropriate to cold cathede operation, let Ipp represent the back-bombardment
current,*la the anode current, and é the effective value of secondary emission
ratio, If one as?x}'nes that I}, is proportional to the characteristic current
I, thenl, & V Z, Howawc:, the b%st iif to experimental data found in the
literature on cold cathode magnetrons? 3,4 is a linear relationship
I3 =a(Va - b), The parameter b is positive and represents a threshold voltage
for operation de;ermined by the lower crossover (voltage at which 6 first
exceeds 1) of t+ .- 6 vs Vp characteristic of the cathode material. The slope
of the ECB, a, :3 proportional to (§-1).

It is clear that the larger the 6, the larger will be the avaijlable current
at a given voltage of operation, This places a premium on high secondary
emission ratios. Values of é significantly larger than that of Pt are not
available from metals but must be sought among the semiconductors and

insulators., Platinum is not 2dzquate for many present and future CFA
designs.,

% A theoretical study of back-bombardment parameters has been made by
J. M. Osepchuck cf Raytheon Research Division and the results are reported
in an appendix to Quarterly Report No. 4 of this coatract {Technical Report
ECOM 01698-4). -2~
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One may conclude therefore that large values of § are needed for future

CFA operating levels and that a desirable objective for a long life cold cathode
is a & of ~4-5,

2 Vi
" irliainy

2.4 High secondary emission ratio. This section will describe some of
the significant properties of materials which influence the secondary emission
ratio of metals, semiconcductors, and insulators so that guidelines may be
set up for the sclection of cold cathode materiais for a CFA.

kLA B ()

A

The secondary emisgsion process may be thcought of as a two-step
process. First, the incident primary electron loses energy as it penetrates
the material so that only a small fraction of its initial energy resulits in the
production of secondaries. Second in the process is the escape of secondaries
from the surface of the material. The range of the primaries increases with
increasing primary energy, while the maximum depth (escape depth) from
whick low energy secondaries can be extracted from the surface is independent
of the primary energy. This phenomenon is responsible for the existence of
a maximum in the dependence of 6 on primary energy (and the maximum
occurs when the primary range is approximately equal to the escape depth}.

ity P bbbt FR

i P L,

23 The secondary emission ratio {¢) for metals (5 for normal incidence)

3 varies from 0,5 for Li ¢to 1.9 for Ir, and is limited b mge scattering of

E secondaries by conduction electrons. Absence ofa temperature dependence
of § for metals indicates the minor role played by lattice vibrations.
Contrary to what cne might expect, §mpax for clean metals (no absorbed
suriace layer) is found to increase slowly with increasing work function. 5
However, adsorbed surface layers, which can lower the work function (¢} by
creating a dipole iayer of the proper sense, do in fact increase § by increas-
ing the esca’.)pe probabzhty of secondaries. For example, the adsorption of
thorium, 6. 7 barium, & 8 or sodium9 on tungsten increases its secondary
emission yield and reduces its work function,"

It is known that 6 is proportional to the number of electrons per unit
volume -and increases with the density. 10 Sternglassll correlated dmax
with the position of metals within the periodic system of the elements,
showing that the yield rises in each horizontal line of the periodic chart faom
the alkali metals to the multivalent ores.
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The universal yield curve shows the sirrilarity of the 6 vs Vp (primary
voltage) racteristic for various materials. This was pointed out by
Baroody ' “ wko plotted 8 /max vs V_/V. . Several theoretical expres-
sions for the normalized universal curve have been derived and compzaredl3
with experimental data. The original Barocody-Eruining derivation was
based on Whiddington's Law for the energy loss of primaries. This deviates
significantly for V_/V > 1 by falling below the experimental data.
Better agreement Wwas iound for a theoretical curve based on a power law for
the practical range of primaries Ry ~ (V_® with a valuel4 of the exponent
n = 1,35, On this basis the secondaries Bre produced principally near the
end of the range. If the scattering of primaries is taken intc acccunt, one
obtains the “constant loss’ curve, for which the energy dissipation is
constant throughout the range. The constant loss curve provides good

agreement with experimental data and is the one used for comparison with
the data pre sented in thiz report.

o

Iy oD M R
s ! .
R . -

1o gt

ve

g




S TLT DT oS Uy ORGSO e o e SEIIAS e SRR ST SR T oEE e e

Due to the basic limitations of metuls, the quest for high & materials
leads one to semiconductors and insulators. The range of secondaries in
insulators is enhanced by the absence of conduction electrons. Smaill-gap
semiconductors have low &'s because of the presence of sufficient conduction
electrons for the scattering of secondaries. The criterion for high 6 in
intrinsic semiconductors or insulators is based on the ratio of electron
affinity to band gap (X/Eg), The high & for MgO is based on this criterion.
A small value of X /Eg implies a long range for the low energy secondaries
and a concomitart increase of the yield as compared to a metal or small-gap
semiconductor. Possible mechanisms of energy loss for secondaries in
insulators are (1) electron-phonon interaction, (2) interaction with valence
electrons (if the excitation energy of the secondaries in the conduction band
is greater than the interband gapj, and (3) interaction with lattice defects.
The second of these is insignificant for wide band gap insulators. The larger
dependence of 6 on temperature in insulators than in metals implies the
greater role of phonon interaction in the case of insulators.

An insulator may be used as a cold cathode in a CFA if it is used as a
thin film on a metalic substrate (because of the limited conductivity of the
insulator), I the insulator Slm is thin enough (comparable tc secondary
escape depth) then the substrate may play a role. It is desirable to use a
high atomic number substrate to provide significant back-scattering of the

primaries and subsequent increase in secondary generation within the
insulating film,

Another factor which may bz of significance is the cbservation that
crystalline films have 2 higher y° “d than amorphous films (or ones having
very small crystallites). Therefore, it would be desirable to process the
ermifter so as o produce a crystalline insulating film,

On the basis of the above discussion it can be seen that crystalline
oxide films on a metallic, high atomic number, rvfractory substrate represent
candidate cold cathode materials. MgO, Al203, or BeG filmson a Pt
substrate are examples of this,

Another approach is the use of a cermet or impregnated cathode in
which a porous metallic matrix is filled with bigh & material. Recently
published reportsl5, 16 are encouraging in this regard, particularly for the
Ni cermet cathode with 2 measured 6 of about 5 and capable of withstanding
significant electron bombardment when operated at an optimum temperature
of 600° C (warm cathode operation). It should be noted that the recuirement
for rf shutoff in the CFA may necessitate a compromise with the oprtimum
operating temperature,

Still another approach would consider certain semiconductors, such as
heavily p-doped GaAs. According to recent workl7 on the photocemissive
properties of cesiated p-doped GaAs, the diffusion-recombination length is
~103A. It is speculated that the secondary emission ratio of the uncesiated

p-doped GaAs may also have a reasonably good & in terms of the objectives
of the present prc_ ram,
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- In summary, one may list the following for achieving high 6 materials
. e for cold cathodes in a CFA:

a. High 6 oxide films on a refractory, high atomic number
substrate. The oxide film may be doped to achieve cornductivity.

E R bt g W o

b. Cerrnet or impregnated cathodes.
C. Semiconductors, such as p-doped GaAs, having a long recombina-
tion length,

2.5 Electron bombardment effects. The principal requirements of a
cold cathode in a CFA is a sufficiently high secondary electron emission ratio
for the energy level of the back-bombardment electrons. Additional require-
ments are (1) no deterioration of this secondary yield below a desired
minimum value, and (2) a depletion rate of the emitter material sufficiently
low so that a pre-ascertained life may be achieved.

k2

With the above requirements in mind we may proceed to evaluate the
effects of electron bombardment on the various types of secondary emitters,
i.e., metals, semiconductors, and ins-.lators.

2.5.1 Metals, The effect on metals is likely to be insignificant, If
the backbombardment electrons wer: to arrive on the cathode at an energy
of 1000 volts and a current density of 1 amp femZ2, and if secondary emission
occurred at a & of 2.0 with energies of approximately 5 electron volts, the
balance of power of 990 watts/cm® area of the cathode must be removed
from the cathode. The rate of removal must be sufficiently fast to keep the
surface temperature low. If the temperature is maintained such that the
surface of the cathode never exceeds a vapor pressure of 10-10 torr, no
problem is envisioned. At 10-10 torr vapor pressure, the cathode surface
will lose a mono-layer in roughly 5 hours due to evaporation, For Pt the
temperatare is approximately 1100°C for 10-10 torr vapor pressure.

As for metals, only three, Pt, Ir, and Os have a chance of becorring
serious contenders for consideration. For the purpose of this program the
metals may be considered of subsidiary significance, since their § limit
tube design possibilities.

2.5.2 Semiconductors. Elemental semiconductors cdo not possess
high 8's. Their 6's may be improved, however, by depositing mono-iayers
of low work function elements, such as Na or Cs etc on the surface. But it
is extreraely unlikely that the cathode could go through bake-ocut cycles and
retain such a coverage. In the event that the coverage is applied after
bakeout, thenfor a cesium mono-layer, the temperature of operation will have
%0 be -10°C for a vapor pressure of 10-8 torr and 75°C for Na for the same
vapor pressure,

There is a possibility that heavily p~doped GaAs may have a high eavugh
secondary emission ratio to satisfy the needs of the CFA even without & low
work fanction coverage. However, there is a likelihood that it might 2vaporate
during bake-out, since Ashas a vapor pressure of 10-8 torr at 105°C, It
would thus be difficult to maintain the cathode intact throug* the bakeout cycle

g 5 N - . . o y
- . L, T e el i it y 5
g ua‘.mv&;a”ﬂgupg ki " . y . .
e Ty L kil & e * N i i’ “n. oarde K et A, R g LT N
A AR et st ! P o emrede i ghadgitesi Skt £ 8 T Ly e bt 8 A B SBrk R DR W

-5




unless gallium arsenide is a true chemical compound with an arsenic vapor
pressure substantially lower than that of elemental arsenic.

No data on the decomposition of GaAs due to electron bombardrnent are
available. However, it is expected that Ga and As would be released by the
bombardment process and subsequently evaporated according to the elemental
vapor pressure. It is desirable that the elemental components evaporate at

equal rates in order to maintain the 6 properties during electron bombardmeat
life.

2.5.3 Insulators. Of the insulators, the best candidates at present are
the oxides, such as Al;03, MgO, BeO, and BaO. They do possess high
secondary emission ratios, but they also have low electrical and thermal
conductivities, and they decompose when bombarded by electrons. These
problems can, however, be overcome.

For the moment let us consider the largest problem area, that of
chemical decomposition. As early as 1936, Headrick and Lederer!8 showed
that oxides such as nickel oxide or copper oxide;, on being bombasrded by
electrons, would release gases and thus render vacuum tubes gassy, causing
a resuitant low emission of thermionic cathodes. The first quantitative work
in this field was reported by Jacobs, 19 who demonstrated that when an
electron reaches a critical energy, it is capable of decomposing an oxide into
its component metal and oxygen. This critical energy is roughly equivalent
to the heat of formaticn of the oxide. Assuming that 23 kilogram calories/
mole is equivalent to 1 electron voit/molecule, we find that it will require no
more than 5 to 15 electron voits to decompose_such highly refractory oxides
as MgO, BeO, ThOj, etc. Much literature20-24 hag since been published
giving similar results as Jacobs' original work. In addition, work done at
Raytheon Companyzs to study the effect of back-bombardment on magnetron

cathodes revealed extensive decoinposition of ThO2 in thoria tungsten cermet
cathodes.

More recent work26’ 27,28 has shown the dependence of the extent of

decomposition on the current density, Claims are made that this dependence
varies from the linear to the square of the current density. However, a
conservative estimate would be that for 107 electron impacts, one molecule
will decompose. 27 This seems to be a rather inefficient process, but it is

still quite significant from our point of view when the tetal number of impacts
are considered.

Assuming that back-bombardment current den~ity is 1 arm:;/cm2 of
cathode surface, we can expect a 10, 000 hour life at 0, 1% duty cycle, With
1o} molec..ules of oxide /mono-layer/cmz and a thickness of each layer of
about 44, the following calculations can be made:
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Tota) No., of electron

= impacts per cm?Z = 10, 000 x %&g—x 3600 x 6.2 x 1018
14 during 10, 000 hours
: = 2,23 x 1023
' No. of decomposed = 2.23 x 1023 x 1077 = 2,23 x 10%®
molecules
Total thickness of = 2.23x 10 x 107 % x 44
decomposition
~ 100A

g: A layer 1004 thick ie thus estimated to provide 10, 000 hr of electron-
¥ bombardment depletion life under the assumed limited operating conditions.

A The back-bombardment current density and duty cycle may each be an order
of magnitude larger than assumed. Further, in addition to depletion life

requirements, there are additional factors which call for larger film thick-
nesses,

Besides decomposition of the oxide, a further complication develops
from selective evaporation of the decomposition products frora the bembarded
surface. As shown by Wargo arnd Shepherd27 there may be a difference of a
factor of 1000 between oxygen evolution and that of the metal, Their example
was for SrO with a bombarding energy of 300 volts and a current density of
25 mA/ecm2, Oxygen eyolution was approximately 1012 atoms/cm2, whereas
evolution of Sr was 107 atoms/cm?. This difference must be due to differences
in the vapor pressures of the two compunents. Oxygen, having a vapor pressure
which is orders of magnitude higher thar that of the metal, readily leaves the sur-
face, and the raetal stays behind. If this process is allowed to continue for very
long, the surface of the cathode eventually becomes metallic, and thus becomes
a low sccondary emission surface., Obviously, if the cathode were to be
hcated to an elevated temperature, the vapor pressure of the metal would rise
and cause the metal atoms to evaporate simuitaneously. This has recently
: Leen shown in a Russian paperl5 for the case of BaO, There, an optimum
i temperature was shown to be arcund 609°C to maintain a high secondary
; yieid on continuous bombardment at a fairly high value of current density
(60 mA/cm?2) at 1000 V.
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2.6 Ion bombardment effects. Because of the iocation of the secondary
emitting cathode (inzide the CFA), it is expected that the cathode surface will
be subjected to positive ion bombardment., A rough estimate shows that this
can amount to a current density of 5.0 pA/cm2 at the cathode surface. It is
expected that this ion bornbardment will cause a serious limitation in cathoce
life.

When a surface is hombarded by positive ions, momentum transfer
occurs between the bombarding ions and the atoms or molecules on the
surface. If sufficient energy is acquired by an atom, it could conceivably
leave the surface. This is known as sputtering, The sputtering yields and the
threshold energies of almost all metals and some semiconductors when
bombarded by Het, Net, Art, Krt, Xet, and Hgt ions have been measured

-7~
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by many investigators in the field. An excellent review of the subject has been
published by Stuart and Wehner. 29 However, very little has been done or
published for insulators, mainly because of the experimental difficulties
resulting from surface chkar Q%mg of bulk insulators. Insulators can be readily
sputtered by rf techniques, ¥ although quantitative results are difficult to
obtain, As a result, very little literature on this subject has been published.
We have been able to locate only 2 references> 1 32 where dc sputtering was
carried out on extremely thin films of insulators to avoide charge buildup.

Very limited amounts of data are available from which any kind of an estimate
can be made.

It is believed that when an insulator is removed by sputtering, the
individual particles leaving the surface go off in the same molecular spec1es
a3 they existed on the bombarded surface. This has no significance in the
casc of metals or elemental semiconductors, but in the case of compound
semiconductors and insulators such as oxides, the implication is that thers
is no chemical change of a portion of the surface material. We must remember
that the sputtering phetomenon described in the literature is based mostly on
that due to noble gas ions. Such is not the case for our cold cathode in the
CFA. Instead, the positive ions are of the ordinary residual tube gases, such
as H2, N2, CO, CO2, etc. Therefore, experimental evaluation of the effect
of sputtering by positive ions of these gases on the emitting surfaces were of
interest in this program. Ion bombardment studies in Ny atmosphere have re-
sulted in experimental data about (1) the depletion cf surface material due to
ion bombardment as a function of current density and ion energy, and (2) the
effect on the secondary emission of the surface (before complete depletion).

It is difficult to estimate the sputtering losses of the cathode surface
due to.ion bombardment inside the CFA because the known values are for
noble gas ion bombardment, Some of the published data33 indicate that with
an atom-to-ion ratio of 1 at 5 kV ion energy Pt has a reasonably high sputter-
ing yield, Al, Mg, and Be should not have a ratio more than 0,5 at 5 kV,
For the oxides of Al, Mg, and Be it is suspected that the ratio may not be
more than 9. 1 molecule /ion at 5 kV when ordinary gases are used to produce
positive ions. The figures given above are based on rough estimates from
charts in reference 33 and values for oxides in reference 32, The simple

calculations shown below are carried out to illustrate the depleticn of Pt and
O’ddes.

If the platinum is exposed to ar ion current density of 5 p.A/cmZ at

5 kV energy, then:
-6

a. Number of atoms = 1lx¢2xi0 18

sputtered/sec

x6,2x10

3,1 x 1013/sec

1
1015 5 = 3z sec

3.1x 10

t

t. Life per mono-layer

i
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c.  Life for 100 & layer = 32x422 - 800 sec

]
d.  Life for a 0,010 in. 0,010 in. x 2.54 x 105 x 220 -
layer 1004
7 2.03x 10°

2.03x 10" sec = = 5, 640 hours_

3600

A 100 A layer of an oxide bombarded under the same conditions as
quoted for Pt would have a life of 8, 000 sec (because the atom-to-
ion ratio is only 1/10 of that of Pt).

The above values are for continuous bombardment. If the bommbardment
were carried out at 0. 1% duty cycle, the life expectancy of an oxide layer is
8000 x 103 sec, or 2200 hours. For a 10, 000 hour life a thickness of 5004

woul%h be required, and for a 1% duty cycle the required thickness would be
5000 )

Because of the over-all damage resulting from the combined effects of
electron and ion bombardment, it is seen that the thickness of the emitter
{for a 0. 1% duty cycle) must be around 600A. However, it should be borne )
in mind that the rough calculations expressec here were based on estimates only
of the decomposition rates resulting from the electron bombardment and of the
sputtering yields due to ion bombardment,

2.7 Current transmission. Our study has included an investigation of
problems connected with current transmission through thin insulating films.
Very thin insulating films (thickness < 100A) can possess enhanced conduc-
tivity due to tunneling and Schottky effects, and as such thev may be capable
of transmitting the high current density (~ 1-10A/cm?) required in a CFA,
However, thicker films (~500-1000A) wiii likely be needed for long-life
operation of these thin film cathodes, and therefore problems with the
effective conductivity of such films wiil be created (in extreme cases one has
to contend with the bulk conductivity). Assuming a conductivity (o) = 10-12
mho /meter, one can zompute the power dissipation and potertial drop in a
100GA thick film of A1203, 1 cm?in area, and transmitting 1 A/cm2, e
power to be dissipated would be 109 watts /cm?Z and the poteuntial drop 107 volts.
Clearly, the conductivity must be much larger than the bulk value for thin
insulating films to be feasible. One approach to the solution of this problem
is the introduction of metallic doping in the insulating film. Recent work by
Spindt and Shoulders34 indicates that the secondary emission ratic of an
alumina film was not significantly degraded by the addition of molybdenum as
2 dopant for doping levels up to ~30 weight% Mo. That the conductivity of
such doped coatings appears to be sufficiently high for the CFA application is
encouraging. Variants of Mo-~doped Al203 were considered in this program
as a means cf achieving the most desirabie combination of secondary emiasica,
coaductivity, andlong-life (resistance to electronand ion bombardment)properties.

Another result of poor conductivity is the presence of charging effects, -
These occur when electrons bombard an insulator under conditions for which
6 > 1., An important parameter to consider in this regard is what might be
termed the "time constant” of the material, Consider the '""condenser"
represented by the insulating film between the vacuum-iasulator and the

-9-
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metal-insulater interfaces. The product of resistance and capacitance is the
time" constant of the condenser. It is found that RC is equal to K€ _/o and

depends only upon the properties of the insulatirg film. Thus the fime constant
of the material is 7= Ke /e~

where “K = relative dielectric constant
€0 = permittivity of free space
¢ = conductivity

If one assumes K = 10 and ¢ = 10”2 mho/meter for Al O3, one obtains

7 = 100 sec., Larger or smalier values of T are possible (depending on the
method of preparation of the alumina film and on its thickness, since they
influence the effective value of ¢ ). The eifect of introducing metal doping in
the insulating film will be to reduce T so that any localized charge in the
insulator will spread out evenly.

We may state in summary that an additional degree of freedom may be
atiained in solving the curreat transmission problem by incorporating a
metailic component in the film. Accordingly, various forms of metal-metal
oxide combinations were considered in this program.

2.8 Summary of guidelines for the selection of cold cathode materials
We have explored the various phenomena and materials properties
which determine satisfactory operation with long life ina CFA. It has been
pointed out that certain metals, notably Pt, are to be preferred whenever the
6 of Pt is sufficient to provide the desired anode current. If higher 6's are
required, then the several approaches discussed heretofore may be considered.
Therefore, some important factors and guidelines relevant to materials
selection are listed below,

a. High secondary emission ratio, A normal incidence maximum
value of 6 of ~4-5 is considered desirable. Literature values,
whenever they existed, and measurements on candidate materials
taken in the laboratory were used as a basis for selecticn,

b. FElectron bombardment resistance., The ability to w.chstand high
electron current bombardment is a criterion for the choice of
materials, For this purpose, data were taken in the present
pregram on the deterioration of § due to electron bombardment
for various materials.

Ce Ior bombardment life. Materials selection must consider sputter-
ing ercsion due to ion bombardment. This was evaluated for
candidate materials,

d. Crossed-field amplifier performance. In addition to directiy
measured & values, information as to effective 6's in the CFA
is obtained irom the ECB (emission current boundary). In view
of the anomalously high effective & for A1203 on Al cathodes in
the CFA, one must consider insulating films, or rnore specifically
- oxide films, in a special category. They were considered for CFA
evaluation even if directly measured § values were only ~ 2-3,

- 10 -




e, Ability to withstand tube processing. Additional criteria are vapor
pressure, filmadherence, and other pertinent properties which
relate the ability of the cathode material to retain its mechanical
and chemical integrity through tube bakeout and operation.

3. FACTUAL DATA - PHASE A - MEASURABLE PROPERTIES
OF COLD CATHODE MATERIALS

Phase A of this program involved an investigation of the phenomena and
material properties of cold cathodes, and the testing of specific materials,
semiconductors and insulators. Utilized for these tests were the following
primary test vehicles:

a. Secondary Electron Emission Test Vehicle (SEE)
b. Hot and Cold Electron Bormbardment Test Vehicle (EBVY)

c. Ion Bombardment Vehicle (IBV)

Section 3.1 of this report describes all testing performed in the SEE.
Secondary emission ratios of selected materials were evaluated for the follow-
ing parameters:

a. Chemical composition

k. Film thickness

C. Method of preparation

d. Effect of material outgassing

e. Effect of heat with variations in temperature and time.

Sections 3. 2 and 3.3 of this report describe all tests performed for the
evaluation of secondary emitters, including those tested in the Electron Bom-
bardment Vehicle.

Secondary emission ratios of selected materials were evaluated under
the following conditions:

a, Electron bombardment in the range of 0.15 A/ecm?2 to 0. 75 A/cm?

b. Partial gas pressure of O3, N2, COz, and H

C. Constant electron bombardment for varying periods of time.
Section 3.4 describes the tests conducted with the Ion Bombardment Vehicle
and the subsequent measurement of secondary emission ratios of the sputtered
samples in the Secondary Emission Measurement Vehicle.

The test vehicles are described briefly in the pertinent sections of this
report. Detailed descriptions of the test vehicles are contained in the pre-
vious quarterly reports referred in the bibliography.

The test results for seccondary emissior measurements, electron

bombardmeant, and ion bombar dinent have been categorized into 3 groups:
metals, semiconductors and insulators.

- 11 -
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The effects on secondary emission ratios due to the phenomena associated
with the properties of cold cathode materials is summarized a¢ the end of each
section of Phase A,

3.1 Secondary emission measurements. The apparatus used for the
measuremfgxt of secondary electron emission was described in detail by
K. Dudley™" of this laboratory and is shown by Figure 3-1. Briefly, the
secondary emission test vehicle (SEE) is a demountable, stainless steel
structure having a glass viewing window and provision for 10 targets. A
cross-sectional drawing of the vehicle is shown in Figure 3-2. Indexing of
the rotatable target holder is accomplished through the use of a small external
magnet, and an electron bombardment heater can be used to outgas or other-
wise heat the samples individually. The vacuum system consists of an oil
diffusion pump with a cold trap for fast pumpdown, a 1-1/2 inch bakeable
isolation valve, and a spuiter ion pump with a titanium sublimation booster
for a final vacuum of ~i x 10-9 torr, The test vehicie is bzkeable at 400°C.

The rotor, on which the 10 targets are mounted, is shown in Figure 3-3.
A Pt target is typically inciuded as a ""standard" to provide a reference point
for normal behavior.

Figure 3-4 shows typical SEE resuits for secondary emission ratio (6)
vs primary energy for a platinum target. This data was used as a contrecl
or standard for subsequent measurement of other materials in the SEE.

3.1.1 Preparation of samples. Whereas the metals and semiconductors
could be tested in bulk form, and test samples were therefore comparatively
easy to fabricate, the oxides, being insulators, had to be tested in thin film form
or impurities had to be deliberately introduced in order to tailor some of the
physical properties, Sample preparation of the insulators therefore became a
specialized effort in this program. In addition, various analytical studies such
as resistivity measurements and chemical and structural analysis were required.

Once we decided to form a thin film oxide on a metallic substrate, a
number of preparation approaches were possible. These are briefly described

below.
a. Controlled oxidation of the metal (to form a surface layer of
the oxide) - As an example, the metal aluminum can be oxidized
to form alumina. This can be achieved by either oxidation at
elevated temperatures in an oxidizing atmosphere or by electro-
chemical means, known 2s anodization.
b, Chemical vapor deposition - The vapor of a chemical compound of

the metal is allowed to come in contact with a heated substrate
with the result that the compound deccmposes and deposits metal
on the substrate. The ambient atmosphere can be controlled so
as to be oxidizing innature, in which case the metal wouid deposit
on: the substrate in its oxide form.

- 12 -
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Figure 3-1. Secondary Emission Test Vehicle

v

arents w4 e 4
RN )

3

[t NG A
5
Lo

BOMBARDMENT HEATER

\umm FOLLOWZR

o)

SO I A AU P i s

= e

N

da L AN
3 T ‘g
(|
i
: 8 | N §
3 8 ‘
3 N

2

/ \ _3. 645833
= unszrs\

1 AR R R P

Figure 3-2. Secondary Emission Electron Test Vebicle

wivher il A ielonind

- 13 -




Target Assembly

Figure 3-3.
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Ce Electron beam evaporation - The insulator to be used is placed
in 2 water-cooled copper crucible and bombarded by electrons to
reach evaporation temperatures, The substrate, in position
above the crucible, receives the evaporzted insulator deposits.

d. Sputtering - In this process the material to be deposited is
bombarded by positive ions of an inert gas such as Argon, after
which sputtered materials are caught on the surface of the
substrate. In the case of insulator bulk materials, ordinary dc
sputtering is not possible and rf sputtering has to be employed.

e. Reactive sputtering - Instead of an insulator, the metal can be
sputtered by a dc technique in an oxidizing atmosphere. This
results in the formation of an oxide layer on the subatrate.

Of methods lizted above, a and ¢ were used. TFigure 3-5 shows the bell
jar set-up in which =lectron beam evaporation is carried out.

3.1.2 Secondary emission ratio as a function of angle of incidence. In
conjunction with our interest in resolving the anomaly of the high effective §
of Al when used as a cold cathode in a CFA we investigated the secondary
emission ratio of Al cathodes as a function of the incident angle of the primary
electrons.

The samples were aluxmnum oxidized in air at temperatures ranging from
room temperatures to 400°C. The thickness of the films formed on the samples
were measured by a voltage breakdown technique. Measurements of the air
oxidized samples never showed a film thickness exceeding 50A.

Several Al samples were mounted at different angles to the incident

beam in the multiple target holder, and data o{ 6 vs Vp were obtained for
® (normal incidence), 20°, 40°, and 70°, Reasonable agreement was

obhmed for two independent sets of samples m two runs, Dataofdévs V
are shown in Figure 3-6 for a2 set of 4 Al samples. The Pt standard was?
included and showed normal behavior. Apart from the relatively low & value
for the 40° sample, several features of the data are in agreement with
theoretical expectations. The measured values of Vg for various values
of incidence are tabulated below.

3 1
8 (in degrees) Vp {voits) ]
n 400
20 500
40 6G0
70 800

Acc rgmg to simplified theory should be inversely proportional
to (cos )1/, Thus V for § = 70° gg‘?ﬁd be 1.7 times as large as

Vo, for § = 0°, This 12 close to the observed factor of 2, The & dats for
the ‘b"‘co and 70° samples are in qualitative agreement with the expected
increase in d.,,5 with increasing angle of incidence. Although more accurate
data for the vaziation of §;max with 8 could be obtained by using 2 single
rotatable sample, cur data allows one to conclude that the variation is not
greater than the "classical” dependence, 10 54 given by:
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d
where: o, is 6ma.x ifor normal incidence,
and 6 g 18 & for incidence at angle 8,

It is therefore unlikely that the enhanced 6 for Al in a CFA can be
explained in terms of an anomalous dependence of § on 9. It is interesting
to note that the & vs V., data for the 0° and 70° samples are brought into
near-coincidence with'each other as well as with the constant ioss curve

when plotted in normalized coordinates as in Figure 3-7.

3.1.3 Aluminum oxide films on metal substrates. A set of Mo-Al,03
samples was prepared with varying compositions and film thicknesses in
the follcwing marner: Al,03 anc Mo powder were mixed and pressed to
form 1/4-inch diameter slugs. These slugs were subjected to electron
bombardment and the vapors were deposited on Pt clad Ni flags for §
measurements ané cn quartz slides for resistivity measurements. The
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at Various Angles of Incidence.

thickness of the films was monitored using a quartz crystal oscillator.
Compocitions of 10, 20, and 30% Mc were used as vapor source and films
were deposited to a thickness of 100 and 1009 A.

Figure 3-8 shows b vs V_ data for 10004 films of 20% Mo - 80% Al,05.
The dmax was similar to that b3 pure Al703 films on Al. Although the 20‘{7
Mo content refers to the evaporator source composition, it was definitel
established that some Mo was present in all the composite films of 100C
thickness. Pure Al203 films on quartz were transparent, while those ob-
tained from Mo - Al,03; mixtures had 2 light brown coloration. In addition,
the resistance measurements on the quartz substrate samples indicated
significantly greater conductivity thaa that of pure Al;01.

(4
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Figure 3-8, Secondary Emission Ratic vs Primary Energy
for 1000A Films of 20% Mo - 30% Al,03 on
Pt Substrate

The data of Figure 3-8 also shows the effect of heat treatmeant for
10 min at 900° C in increasing 6. The usual effect of “outgassing' Pt and
also Al1203 on Al samples has been to decrease 4. Perhaps ia the present
case the increase in 6 is not due to outgassing but rather to a change in the
nature of the film, for exan:ple the aggiomeratiou of Mo, This interpreta-
tion is consistent with the observed increass in resistivity due to heat
treatment.

Figure 3-9 shows 6 vs V_ data for a 36% Mo composite film of 10004
thickness, The & and resistanfe data for 10, 20, and 30% Mo composites
were nct sufficiently different £-om each other for the present samples to
warrant a discussion of that factor, nor did the resistance measurements
always show a monotonic pattern with composition changes. Further work
i3 needed to improve the control cf the evaporated film and tu obtain a
determination of the Mo compesition in the film. Nevertheless, the tendency
for 6 to increase with heating appeared consistently. In addition, é for the
conductive {due to Mo dcping) A1203 samples were not degraded by doping.

In Figure 3-10 the § vs V_ characteristic for the 10004 films of various
compositions are compared with a constant loss theoretical curve, 13 It can
be seen that they are in approximate agreement with the constant loss curve
ang deviate at large values of Vp/Vp in a similar manner to other
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materials. 13 The constant loss curve quoted assumes a power law primary
range - energy relation with an exponent of 1. 35 and takes the scattering of
primaries into account so that the energy dissipaticn (and secondary produc-
tion) is approximately constant throughout the range.

A typical set of 6 vs Vp data is shown in Figure 3-11 for a 100A Slm.
Several samples of each composition and thickness were measured, and
approximate agreement was obtained. It can be seen that the effect of heat
treatment persists, A subsequent heat treatment of the 100A samples at
11C0°C (optical pyrometer brightness temperatures are quoted throughout)
resulted in a large increase in the pressure. This is interpreted as a
vaporization of the film rather than the outgassing of adsorbed gases.

3.1.4 Propostion of molybdenum to alumina. Also accomplished during
the program was a second series of experiments which involved molybdenum-
alumina films deposited on a hot molybdenum substrate by electron beam
evaporation fromn a pressed powder comnpact of molybdenum and alumina.
Secondary emission data were then obtained as a function of the following
three parameters:

a. Proportion of molybdenum to alumina
b, Substrate temperature during deposition
c. Post-deposition heat treatment.

Eight samples were prepared with 2 each having 0%, 10%, 20%, and 30%
molybdenum by weight. The molybdenum coxntent refers to the composition of
the pressed powder compact.,. Data were obtained for the dependence of the
secondary emission ratio () on the primary energy. The effect of heat
treatment on & was also observed. The data are summarized in Table 3-1.

TABLE 3-1.

Secondary Emission Ratio (6) of Mo-Al,03 Films
for Various Proportions of Mo to Al,03

Film Smax After Smax After 8 nax After
% Mo in Thicimess System 10 min at 10 min at
Source Bakeout < 500°C 850°C

0 330 4,25 4.23 3.71
4.36 4,04 3.55
10 1000 3.87 4,38 3.17
3.93 4,25 3.17
20 1000 3.26 3.85 2.96
3.87 4,02 2,85
30 1000 4,34 3.75 3.45
I 4,39 4,19 3.39
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Figure 3-11. Secondary Emission Ratio vs Primary Energy for 100A Films
of 90% A1,03 - 10% Mo on a Pt Substrate

All the samples referred to in Table 3-1 were prepared with a substrate
temperature of 660°C during deposition and a post-deposition heat treatment
at 1100°C for 5 minutes. The measurements of & show the relative insensi-
tivity of 4 to a source composition of molybdenum of up to 30% by weight. It
can also be seen that the 6's of the pure alumina filme are high and correspond
to crystalline rather than amorphous alumina films. A reduction of § due to
the higher temperature heat treatment is also noted.

3.1.4.1 Substrate temperature during deposition. A series of 10004,
30% Mo - 70% A1203 films were prepared for a series of substrate ternpera-
tares during deposition. A range of 600 to 1100°C was covered in 100°C
steps. All the films were given a post-deposition heat treatment at 1100°C
for 5 minutes,

The measured dependence of maximum secondary emission ratio
(6max) on substrate temperature during deposition is shown in Figure 3-12.
A decrease in 6,4 by a roximatelzr a factor of 2 was noted as the tempera-
ture was varied from 660" C to 1100°C, The substrate temperature is
therefore considered to be a significant parameter. Electron probe and
electron diffraction analyses were conducted to determine the differences
between the 600° C and 1100°C films., The results of these analyses are
described in Section 3.2. 2.3 and 3.2, 2. 4 of this report.
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3.1.4.2 Post-deposition heat treatment. Six 10004, 30% Mo - 70%
Al1203 film samples were prepared with a fixed deposition temperature of
600° C and 2 5-minute post-deposition heat treatment at a temperature which
varied from 600 to 1106°C in 100°C steps. Data were obtained on é as 2
functicn of primary energy. Taovle 3-2 ~ontains a summary of 6, for the
various post-deposition heat treatments,

TABLE 3-2,

Maximum Secondary Emission (§ynax) for Various Post-TCeposition
Heat Treatments

Temperature fozr Smax Smax

5 min. post- after after

deposition heat system 10 min

Sample No. treatment bakeout at 800°C
[4%3)

1 600 3.37 2.65
2 700 3.24 2.47
3 800 3.82 2,57
4 906G 4.70 2.92
5 1000 4,02 2.92
6 1100 3.73 2.89
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It is ccncluded that, zlthcugh somewhat higher é's were obtained for the

higher temperatures, the spread in 6, particularly after an additional heat
treatment, was not large,

To obtain some estimate of the uniformity of the molybdenum-alumina
film samples, a secondary emission scan was obtained (See Figure 3-i3) by
locating the secondary emitting target behind a 3/8-inch diameter hole in a
metal shield, The primary electron beam, which was focussed to a spot
size less than 1/32-inch in diameter, was caused to traverse the target while
the primary energy was kept fixed at a value which yielded the maximum &.
The observed variation across the sample is estimated to correspond to a
6% spread in the values of é.

3.2 Physical testing of molybdenum-alumina films.

3.2.1 Resistance and capacifance measurements of molybdenum-
alumina films. In conjunction with our interest in obtaining sufficiently
conducting high-$ filrns, we measured the resistance and capacitance of the

molybdenum-alumina films. The following types of measurements were
performed.

a. Dc resistance
b. Capacitance and ac resistance at 1 kHz {ac bridge measurement)
Ce Frequency dependence of capacitance and ac resistance over

frequency range 100 Hz to 1 MHz,
The following techniques were empioved:

a. Evaporated gold film counterelectrodes of varying diameters and
two thicknesses, 500A and 150CA.

b, Bent gold wire contact to either a gold film or directly to the top
of molybdenum-~aiumina film.,

Tk~ following conclusions have been reachecd based on the resistance
and capacitance measurements made during the program:

a. Dc resistivity equals ac resistivity at 1 kHz.

b. Ac resistivity and dielectric constant are independent of
frequency up to 1 MHz.

C. Resistivity values in the range 103 to 10° ohm-cm have been
observed.

d. Values of dielectric constant {real part) in the 10 to 500 range
have been observed.,

- 24 - ’
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Figure 3-13. Secondary Emission Scan of 3/8 in. Dia Target

The large values of dielectric constant are believed tc be valid mea-
surements, Although it is suspectsd that these may be due to surface space-
charge layers, this was not demonstrzied experimentally., The values of
resistivity observed are in a usable range for the CFA application, with the
lower end of the range (103 ohm-cm) being preiferred.

An improved counterelectrode technique is required to obtain a steady
reading, to ascertain more definitely the cross-sectional area involved i
the measurement, and to determine that there are no continuous gold threads
through the molybdenum-alumina flm,

3.2.2 Analysis of Mo-Al703 thin films. The following information was
sought from the Mo-Al303 thin-film analyses,

a. Semiquartitative analysis of weight factors of Al203 and Mo in
the films and an estimate of the uniformity 5f the deposits, both
by electron microprobe.

b. Chemical and crystallographic state of both Mo and Al,03 in the
films by means of electron diffraction techniques.

C. The true thicknesses of the fillns as compared to intended film
thicknesses, using both single-beam and multiple beam interferom-
etry.

- 25 -
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3.2.2.1 Mo-A1303 sample preparation,

Composition: Al203 100%, Mo 100%, and Al203 70% and
Mo-30%

Thickness: 500, 1000, and 1500 A (by quartz crystal
monitor)

Substrate: Nickel

Preparation: Substrate cleaned in vacuum at 1000°C
Substrate temperature during evaporation
600°C

Post Heat 1050° C in vacuum for 5 minutes.

Treatment:

3.2,2.2 Thickness measurements. The surfaces of the substrate
were initially too rough for measurement of thickness, but by depositing the

film on a metallographically polished surface, thickress measurements were
obtained.

3.2.2.3 Chemical composition. Samples of 100% A1203 and 100% Mo
were used to calibrate the electron probe machine. With the caiibration
curves obtained from these sampies, the 70% A1203 - 30% Mo samples were

then analysed by the probe, for both composition and homogeneity. The
resulte are shown in Table 3-3.

TABLE 3-3,
Results of Al03-Mo Sample Analysis

Film Thg'.ckness

Sample A Wt % Mo
70% A1,03 + 30% Mo 500 < 33,0
70% A1,03 + 30% Mo 1000 26.0
70% Al1,03 + 30% Mo 1500 24.0

All three sampies were found to be homogeneous in composition and
devoid of island structure.

3.2.2.4 Electron diffraction analysis of molybdenum-3alumina films.
Secondary emission measurements {See Figure 3-12) showed the importance
of the substrate temperature during film deposition. The secondary emission
ratio of the 10004 thick, 30% Mo-70% Al1,03 films decreased by a factor of
2 as the Mo substrate deposition temperature was varied from 600 to 1100°C.

It was therefore of interest to determine any differences in film structare or
composition to correlate with the 6 changes.
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Electron diffraction patterns were obtained from two 1000A films of
70% A1703-30% Mo deposited at 60C and 1100 respectively oato molybdenum
substrates. ¥ Diffraction rings representing polycrystalline material were
obtained from both specimens, and the following conclusions were drawn
from the patterns:

a, Evaporation at 1100°C

1) The diffraction rings were moderately eharp, suggesting
sizable crystalline areas, probably containing at least
severa hundred atoms. 36

2) Seven of the rings represent d-spacings which are in good
agreement with those for elemental molybderum, as listed
in the American Society for Testing Metals file,

3) The remainder of the rings do not, as a group, match any
single Al203 pattern, zlthough individually each approxi-
mates a d-spacing for one cf the various alumina structures.
Nor do they agree with any other single phase pattern in
the ASTM file. Since it is thermodynamically unlikely that
any reaction products of Mo and Al1203 have formed, itis
probably safe to assume that these additional rings were
caused by some form of aluminum oxide, possibly a mixture
of several allotropes.

b. Evaporation at 600°C

1) The diffraction rings were fewer in number than those for
the 1106° C specimen, and more diffuse, indicaring a lower
degree of crystallinity.

2) No molybdenum rings were present, suggestiag a high degree
of dispersion of Mo atoms in the film, This alsu provides
evidence that the molybdenum pattern mentioned above is not
due to the underlying molybdenrum substrate, but arises
from the film its=lf,

3) As above, the rings are not in agreement with any single
pattern, but are not inconsistent with the assumption of a
mixture of Al,0;5 phases.

It can be seen from the above analysis that increases in the size of
aggiomerated molybdenrum particles, for sizes up to approximately several
Lundred atoms, decreased & to values which more nearly approach 5 of the
molybdenum phase.

* - - . . - -
The electron diffraction work reported in this section was performed by

W.R, Bekebrede of Raytheon's Research Division.
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3.2.3 Nickel cermet and impregnated cathodes. Nickel cermet and
impregnated cathodes according to recent Russian literature, 15 16 showed the
possibility of obtaining desirable secondary ermitters ior cold cathode usage
from some commonly used thermionic emitters, namcly rickel cermet and
barium aluminate impregnated tungsten matrix cathodes. We prepared the
following samples for secondary emissiocn measuremenrts,

1. Nickel cermet - Foar compositions were sturdied.

Lot No, I -~ 7.0 gm Mond Ni Powder
3.0 gm Baker's RM No. 3 (Double carbonate)

Lot No. 2 - 7.0 grn Mond Ni Powder
3,0 gm Baker's RM No. 3
0. 2 gm Zirconium Hydride

Lot No. 3 - gm Mond Ni Powder

7.0

1.2 gm Baker's RM No. 3

1.8 gm Barium Carbonzte
Lot No., 4 -~ 7.0 gmn Mond N1 Powder

1.2 gm Baker's RM No. 3

1.8 gm Barium Carbonate

0. 2 gm Zirconium Hydride

Each of the four lots was mixed thoroughly ard pressed inte disc
forms about 0. 02 inch thick at a pressure of 90 tons/in®. The discs
were sintered in a vacuum at 700°C. They were then mounted

ir a secondary electron emission test vehicle, evaluated, broken
down, activated, and measured.

Aluminate impregnated tungsten matrix cathode - Disks about

3/8 inch diameter and 0. (3 inch thick were machined out of a
copper-impregnated, 20% porosity tungsten matrix, Copper

was then removed by evaporation in 2 vacuumn: and the tungsten
meirizz subsequently infiltrated with four different compositions

of aluminates. These were then evalvated in our SEE test vehicle.

sJ

3.2.3.1 Nickel cermet cathedes. The nickel cermet samples having the
four different compositions specified above were prepared, and their secondary
emission ratios were measured for various states oi activation. Table 3-4 sum-
marizes some of the results. The compositions of the samples and the vaiues
of 6., are tabulated. The secondary emission ratio is seen to incresse and
then subsequently decrease as a result of continued heating in 2 vacuum. Max-
imum values of &, ranged from 3.6 go 6. 4 ior the samples tested. These 4
values are comparable to those reported by Alekseyev and Lepeshinskaya.l3 It is
noted that the tendency for é to increase and then decrease as a result of heating
was observed for both the nickel cermet and the barium calcium alumiazte im-~
pregaated cathodes to be described in the following section.

- 28 -




- - x

B e T s T e Mt M

TABLE 3-4.

6 nax for 4 Different Ni Cermet Cathodes at Various Stages of Activaticn

s s Smax  brax
bnax B o After  After  After
After  ARET  Add! Add'l  Add'l  Add'l

8
Before System 30 min 15 min 30 min 30 min 30 min
Sample No. Composition Bakeout Bakeout &t 925°C at 1000°C  at 850°C at 850°C  at 850°C

1 0% Ni 2.20 2,03 6, 42 4. 36 2.70 2. 94 3.05
30% Radio Mix #3 -

2 68% Ni 2.27 1.87 5 30 3.10 2,88 2, G0
30% Radio Mix #3
2% ZrH;

3 70% Ni 2. 36 1.83 2.70 Lost
12% Radio Mix #3 Sample
18% BaCO3

4 68% Ni 2. 84 2. 14 2.90 3.490 3.62 3. 21 2.97
12% Radio Mix #3

18% BaCO;3

3.2.3.2 Impregnated tungsten cathodes. Two each of four types of
barium calcium aluminate impregnated tungsten cathodes were prepared for
secondary emission measurement. Measurements were made of 6 as a
function of primary energy. The results are summarized in Table 3-5 where
values of dmax are tabulated for different states of activation, It is to be
noted that § increased as a result of heating at 1050°C. Samples 7 and 8
activated more rapidly than samples 1 through 6, which agree with the relative
ease of activation of these cathodes as monitored by thermionic emission
measurements, Sample 8 was heated beyond the 40 minutes of heating given
to all the samples; dmax rose to 4, 39 after a cumulative total of 70 minutes
of heating at 1050°C and ther declined to a value of 3, 33 after a total of
190 minutes at 1050°C. Thermionic emission of such cathodes did not
generally show a decline after continued heating, in contrast with the
behavior of § quoted above for sample 8,

3.2.4 Semiconductors. One approach to the choice of a cold cathode
material is the use of refractory semiconductors with a high 6. In this case
the electron bombardment dissociation processes would release non-volatile
atom:s (as contrasted with the oxygen which evolves from oxides). The hope
was that electron bombardment would not cause the cathode materiai to
deteciorate,

In line with this objective, several semiconductors were measured.
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Table 3-5,

8max for Various Comnositions of Barium Calcium Aluminate
Impregnated Tungsten Cathodes

8 8 Smax
Axgg ﬁ%g After
System 10 min 40 min
Sample No. Cor.position*¥ Bakeout at 1050°C at 10500C
1 5-3-2 1.84 2,00 2.22
2 5-3-2 1.63 1.97 2,50
3 4-1-1 1.77 1.96 2.38
4 4-1-1 1. 66 1.80 2,25
5 3.5-1-1 1.82 1.96 2,32
6 3.5-1-1 1.91 2.25 2,57
7* 4-1-1 2.02 2.21 3,63
g* 4-1-1 1.81 2. 64 3.73
Samples 7 and 8 are processed so as to artivate more rapidly than
samples 1-6.
o Numbers indicate mole ratios of BaCO3, CaCO3, Al,C;

Measurements of the secondary emission ratio as a function of primary
energy are shown in Figures 3-14 and 3-15, The semiconductors GaAs,
CdS, and CdTe referred to in Figure 3-14 were obtained from the Raytheon
Research Division, while the intermetailic compound, Tij4 Nigg, 55137, 5,
was obtained from Professor Beck of the University of Illinois, Of these
materials, GaAs appeared the most prcmising, having a maximum 6 of
approximately 3,5, It is possible that an excessive amount of As mav be
evolved on heating GaAz to tube bakeout temperatures, however the ‘aAs
cathode could be cooled if necessary.

The secondary emission ratio of type IIb semiconducting diamond™ was
measured as a function of primary energy and a 6mqay of approximately 2.3

was obtained, This would give an increase of the emission current boundary
(see Section 2, 3) relative to that for platinum of

1.3
0.8

-—

2.3-1.0 _
1.8-1,0 = L6 .

loan from Incdustrial Distributors Ltd, Republic of South Africa,
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An increase by a factor of 1, 6 in secondary emission limited current would
then be available, Diamond, an elemental material, contains only one type
of atom (carbon), therefore, it would not be subject to the electron bombard-
ment dissociation as are oxides. In addition, being semiconducting, these

diamonds may be able to transmit the tube current without excessive heat
digsipation,

3.2.5 Boron nitride. A sample of a 200A CVD film of boron nitride,
prepared under the direction of Dr. W, Feist of the Raytheon Research
Division was evaluated in the Secondary Emission Measurement Test Vehicle.
Shown below are the results of the measurements,

Treatment 6max VPmax (Volts)
After systern bakeout 4, 86 425
15 min at: 400°C 5.82 350
Additicnal 15 min at 400°C 6, 44 375
Additional 15 min at 400°C 5.75 400
Additional 15 min at 400°C 4, 3G 400
Additional 15 min at 400°C 3.83 400
Additional 15 min at 400°C 4,32 400

Figure 3-16 shows the measured dependence of 6 on Vy after the last
heat treatrnent, Based on the experience with molybdenum-alumina films,
one may suppaose that it is possible to dope the BN film to achieve a desirable
conductivity without seriously degrading 6.

3.2.6 Silver-magnesium and beryllium-copper alloys. Two alloys, one
silver and 7% magnesium and the other copper and 2% beryllium were tested
in the secondary emission test vehicle for secondary emission ratios (6,,5x)s
Thesge alloys were reported in the literature to have high secondary emission
ratios {6max) after undergoing an optimum oxidation process described
briefly below,

3.2.6.1 Optimally oxidized silver-magnesium. Optimum oxidation of

the silver-magnesium alloy g?% Mg) was obtained in a two-step process described

in a paper by P. Rappaport. 37 The process consists of the following:
a) buffing of the sample on clean buffing wheel, (we elected to hand poiish to

4/0 emery paper finish); b) cleaning in soapy H,O, then rinsing in distilled H,0,

rinsing in acetone (we actually cleaned ultrasonically in freon, again
ultrasonically in Metalex, rinsing in hot H2O, again in cold H20, then in
acetone); c¢) placing in a vacuum furnace and bubbling air through H2O into a
trap; d) using dry-ice and acetone trap plus diifusion pumnp, baking the

-~ 32 -




it
1 a4 wamsenas WA RenK seprsnaotor ¢

LX)
3.0
)
2071
0 N 1 "N - |
0 500 000 1500 2000 2500 000

v, (voLTs) sans
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sample at 550° C for 30 minutes in approximately 105 torr vacuum. For
the second part of the two-step process, the samples were baked in pure dry
oxygen {H,O vapor pressure < 10-° torr) at atmospheric pressure for

30 minutes at 550°C.

3.2.6.2 Optimally oxidized beryllium-copper. This allioy (2% Be) was
processed by directions supplied by Bell Telephone Laboratories,38 The

process consists of the following: a) electrolytic polishing; b) ringing in hot
H20, alcohol, and acetone; c) iiring for 20 minutes at 630° in an Op-free Hp
stream; d) firing for 20 minutes at 630° in a wet H, stream; and e) rapid
cooling in the cold zon=z of the furnace (about room temperature) near the
entrance of the H, stream for 20 minutes.

3.2.6.3 Secondary emission measurements. A set of silver-magnesium
(7% Ag) and beryllium-copper (2% Be) samples consisting of both optimally
oxidized and unprocessed specimens were prepared for secondary emission mea-
surements. The set of eight samples included two of each case; however, only
one sample of processed AgMg was available. A clean platinum sample was
substituted as the eighth sample. The unprocessed samples were prepared
in the same manner as the processed ones up to the point of the oxidation
step.
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The eight samples were installed in the Secondary Emission Test
Vehicle {(SEE) and baked out overnight {20 hours) at 200°C. A vacuum of
less than 10'8 torr was reached after bakeout of the system. Secondary-
electron emission measurements as a function of primary energy were
carried out on the samples as follows: a) after the 20-hour-200° C bakecut,
b) after heating the sampie for 20 minutes at 200° C by radiant heat as
measured by an infrared pyrometer, and c) after heating the sample by
radiant heat for 20 minutes at 400°C, Each sample was hesated and checked
individually. Pressure increases during the sample heatings were observed
to be small; the largest of these did not exceed approximately 8 x 10=8 torr,

The & values listed in Table 3-6 measured after system bakeout at
200°C {measured by the thermocouple attached to the system) are generally
in good agreement with those values obtaine?@ by others. The value of 5 ax
for the platinum also is in grod agreement with the generally accepted value
of 1.8, The optimally oxidized samples are improved by approximately
3-to-1 over the unprocessed samples at this point. After the 20-minute
radiant heating at 200°C, the greatest change occurred in the 6mux value of
{1e processed AgMg sample, which decreased by about one-half in value,
(6.33 to 3,39), No curve was obtained for the processed BeCu sample located
in the SEE next tc the processed AgMg sample, due to charging phenomena on
the sample, and the value of the Pt sample which also was adjacent to the pro-
cessed AgM3 had increased slightly. Considering the large change in the 6.
of the processed AgMg sample, it is quite possible that Mg was evaporated during
the radiant heating and that deposition of this Mg on the two adjacent samples
was the cause for their behavior. This reasoning might also apnly to S2 aad
Sb whose 6;nay values decreased., Samples S3, $4, and S5 show assentially
no change, After the 400°C radiant heating for 20 minutes, the greatest
change occurred in the processed BeCu 3amples, Their values decreased by
about 1. 0 from the values of S;max after system bakeout. The 6, of the
processed AgMg (S8) had increased slightly, from 3.39 ts 3,69, The rest
of the samples showed no significant change in 6 nax

The 63 values obtained from the secondary-emission test are in good
agreement with those predicted in the Bell Labcratories letter 38 in the case of
BeCu, and from the Rappaport paper 37 in the case of AgMg. The dmax of the
Pt sample remained within a reasonable range of the 1.8 standard value for
that metal, From the data to date, it would seem that the processed BeCu
is less affected by temperature {outgassing) than the processed AgMg, and
encounters smaller decreases of 6.

3.2,7 Suminary of secondary emission measurements in the SEE
Vekicle. The main purpose of performing the measurements of secondary
emission in the SEE vehicle was to select the most promising cold cathode
materials for evaluation under electron and ion bomibardment conditions,

Changes in 6 vs V_ have been demonstrated for the methods of
material preparation, okidation, and heating under vacuum conditions.

The study is briefly summarized in the following sections.
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TABLJE 3-60

dmax for Plain and Optimally Oxidized
BeCu and AgMg

6 6
3 max max
. max After 200°C -  After 400°C -
Sample After 20 hr 20 min 20 min
No. Bakeout at 200°C Radiant Heating Radiant Heating
S1 Pt 1. 86 I.94 1. 96
S2  Unprocessed 1. 88 1.53 1.69
BeCu ’
S3  Unprocessed 1.95 2.00 1. 89
BeCu
S4 Unprocessed 2.19 2. 17 1.98
AgMg
S5  Unprocessed 2.05 ' 2, 04 1.94
AgMg
$6 Processed 5.63 5. 40 4,45
BeCu
s7 Processed 5. 86 No curve due to 5. 00
BeCu charging
S8 Processed 6.33 3.39 3.69
AgMg

3.2.7.1 Aluminum. Thin oxide layer (~25A) on surface.

a, dmax in the SEE vehicle was approximately 2, while the
effective value in a CFA is typically ~6.

b. 8 max measured as a function of angle of incidence (92> was found
to vary from 2.0 to 2. 6 for 0 variation from 0° to 70°. This is
insufficient to account for the discrepancy mentioned under a.

3.2.7.2 Alumina (100A - 1000A) films on molybdenum substrate.
Electron-beam evaporated Al,O4 {film3 on Mo substrate.

a. The use ot a Mo substrate allows for heating at a high tem-
perature to achieve a higher degree of crystallinity and thus
higher é (in comparison with AI?_O3 on Al).

) ~ 5, independent of film thickness in the range of
185°F 1000 A.
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3.2.7.3 Molybdenum-alumina films on molybdenum substrate.
Electron beam evaporated films.

a. The purpose of Mo is to make thick films electrically
conductive. Thick films mean long sputtering life.

b, The most significant parameter of film preparation is
substrate temperature during deposition.

Ce. Aggiomeration of Mo caused a reduction in 6, from 2.5
(deposition temperature = 600°C) to 1.8 (deposition tempera-
tvre = 1100°C), whereas composition variation of 10% to 30%
of Mo resulted in &3« variation only in the range of 3.5 to 4. 0,

3.2,7.4 Molybdenum-~-alumina films on platinum substrate, Electron
beam evaporated films.

a. (same as '"a" in 3.2.7.3)

b,  bmax for 20% and 30% Mo 100A and 1000A films before out-
gassing was 2.1 to 2.3 and after outgassing was 1.8 and 2.2
respectively.

3.2.7.5 Barium calcium aluminate impregnated tungsten,

a, 6max Was 1.6 to 2, 0 before activation.

b, 6max Trises to a value of 4, 4 after continuing activation at
1050°C, then decreases to a value of 3.33, and then levels off.

3.2.7.6 Nickel cermet,

Re 6 behavior, due to thermal activation, was similar to that for
impregnated tungsten,

h, Maximum value of 635 ~6.
Ce Smax leveled off at ~3,

3.2.7.7 Semiconducting diamond (elemental semiconductor).

ae 6max ~2o 3.
b, Would evclve only one type of atom during clectron bombardment
dissociation.

3.2.7.8 Semiconducting compounds (non-oxidic).

a. The electron bombardment dissociation process would release
non-volatile atoms (as contrasted with the oxygen which evolives
from oxides). Therefore, electron bombardment may not cause
the cathode materials to deteriorate.

b. 6max of GaAs was 3.5
Ce 6max of CdS was 2.0
d. 5max of CdTe was 1. 75.
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3.2.7.9 Tiyy Nigg 5 Si37. 5» (refractory, intermetallic compound,

possibly semiconducting).

a. 6max was 1, 95,

3.2.7.10 Boron nitride films on molybdenum substrate, (non-oxidic,
large gap material,

a. ] of one sample (200A CVD preparation) was 4, 3,

b. 6 nax of 2 additional (similarly prepared) samples were in
range 1.7 to 2,0 {measured in £EBV which might be ~15% low).

3.2.7.1! Beryllium copper alloy (2% Be).

a. 8max for unprocessed sample was ~ 1, 90
b. Heating of unprocessed sample caused no decay of 6,
c. 8 max for processed sample was 5. 63 and 5. 86.

d. Heating of processed sample vauzed decay of §,,,, to 4, 4% and 5, 00.

3.2.7.12 Silver magnesium alloy (7% Ag)

a, S mayx for unprocessed sample was ~2, 10,

b, 0, hax Was unchanged after heating unprocessed sample.
c. 6 ,ax for the processed sample was 6,33,

d. 6 max ©of heated processed sample was 3.69.

3.3 Electron bombardment of cold cathodes. An electron bombard-
ment vehicle (EBV) was used for this study to simulate the back bombardment
conditions encountered in a crossed-field amplifier,

The electron bombardment vehicle is depicted in Figure 3-17 and the
electrical circuit is schematically presented in Figure 3-18,

The gridded electror gun bas a perveance of 1. 5:¢10-6 A/Vslz and has
enabied the achievement of 1A/cm2electron bombardment at the targetat a volt-
age of 1, 2 KV uander dc conditions, Thisrepresentsadissipation of 1. 2 kW/cm?2
at the target surface in a circular area of 1/16 inch diameter., When the gun
current is reduced, the beam converges slightly sc that the secondary emis-
sion measurement may be made within the area of electron bombardment on
the target surface. With the cirzuit =-rangement shown in Figure 3-18
6 could be measured for the range of primary energy from 0 to 800 V,
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The target assembly which holds the cold cathode sample is shown in
Figures 3-19 and 3-20. The target iz heated by a radiant tungsten heater or
cooled by water flowing through the target base. The tungsten heater,
mounted in a molybdenum radiation shield, can heat the target to 1100°C.

The results of a calibration plot of temperature vs heater power of the target
heater in a vacuum bell jar is shown in Figure 3-21. Typical vacaum in the
EBV is betwesn 10-8 and 10-9 torr. An overall view of the EBV setup is shown
in Figure 3-22.

A Pt sample was mounted in the EBV to serve asa reference source inthe
secondary emission measurement in the EBV and also to investigate the effect
of barium evaporation from the impregnated tungsten cathode of the electron
bombardment gun. Secondary emission data for the Pt target in the EBV is
shown in Figure 3-23. It can be seen that § was about 15% lower than the
usual value of 1.8, measured repeatedly in {gia;c laboratory.

It was also observed that electron bombardment at levels of up to
0. 5> Amp/cm2 at 1260 volts over a period of several hours had no effect on
6 of the Pt target. In addition EBV gun cathode temperature changes fromn
approximately 1025°C to 875° C resulted in no change of §. This temperature
change corresponded to a change in Ba evaporation of at least a factor of 10,
It is concluded that Ba evaporation from the gun cathode does not play a
significant role in the 6§ measurements reported in the EBV,

3.3.1 Aluminum oxide films on metal substrates. Secondary emission
measurements in the SEE vehicle of alumina or molybdenum-alumina film
showed high 6, ranging from 3.5 te 5,0,

Several tests were conducted in the EBV to determine the effects of
electron bombardmenton 6max for various combinations of alumina fiims on
metal substrates,

3.3.1.1 Molybdenum-alumina films., A sample was prepared by electron
beam evaporstion of a 30% Mo - 70% Al203 mixture. The film was 1000A thick
and was deposited on a copper substrate. Figure 3-24 shows the variation of
dmax with time resulting from electron bombardment of the Mo-Al,03 surface,

After an initial increase of 6pax under bombardment at 1/3 A/cm?2, Smax
decreased under bombardment at 1 A/cm2, After approximately 40 hrs of
bombardment dmax seemed to level off (at~1,7), A typical curveof 6vsV
for this 1000A film is shown in Figure 3-25, It can be seen that 6;max occurs
at approximately 400 volts, which is in agreemenrnt witn observations in our
classical secondary emission test vehicle,

A 1004 molybdenum-alumina film was prepared on & molybdenum sub-
strate. It was derived from a 30% molybdenum source and deposited at 600°C
substrate temperature. The observed variation of &y with time under
electron bombardment is shown in Figure 3-26, It shows a decrease in émax
from 3.5 to 2, 5 in about 2. 5 hours, Subsequent to this, the value of épax
remained essentially constant for approximately 5 hours. The possible
influence of barium vapor from the gun cathode depositing on the target was
ascertained by varying the cathode temperature for the same electron
bombardment current density.
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Figure 2-19, Target Mount and Support Flange
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Figure 3-20, Target Mount ci Hot-Cold EBV
(exploded view)
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A 5004 thick 30% Mo-70% Al203 film on a Mo substrate was studied in

the EBV for effects of electron bombardment on the surface of the film., The
recults are shown in Figure 3-27.

The deactivation of the film (decrease of dmax) was due to continuous
electron bombardment at 0. 5 A/cm2 and at 1,0 A/cm?2, Loth at 1200 volts.
Reactivation of the film was accomplished by the use of ar auxiliary oxygen
source, CuO powder was pressed irto the shape of a pcllet and trapped ¢t
the end of a molybdenum cylinder, inside of which a tungsten heater was
mounted. Thus the oxygen partial pressure in the vacuum system could be
controlled by adjusting the temperature of the CuC pellet.

The datz for the Mo-Al,C3 film shown in Figure 3-27 represents a
typical segment of the activation-deactivation procedures performed. Electron
bombardment at 0, 5 A/cm? caused a deactivation of dm,x from 3.8 to 3.2 in
3 hours, The cxygsan source was then turned sn te < CuO pellet temperature
of 560°C, This corresponds to an oxygen pactial pressure of 7 x 10-8 torr. *
The secondary emission ratio recovered partiaily while bombardment of
0.5 A/cm? continued (hours 3 to 6 1/2). More complete recovery was
achieved at an oxygen pressure of 6 x .0-7 torr (hours 10 1/2 to 14). Recovery
of 6§ was also observed to occur while the equipment was tarned off for 64
hours (hour 6 1/2). This is attributed to reoxidation of the surface; the oxygen
may come from other tube surfaces or from deeper sites within the cathode.
As seen in Figure 3-24, the deactivation of the Mo-Al1203 film was more rapid
for electron bombardment at 1.0 A/cm?2, a decrease in émax from 3.4 to
2. 6 occurring in 3 hours (hours 15 1/2 to 18 1/2). Reccvery was observed
using oxygen at a pressure of 6 x 10-7 torr, The recove:y was only partial;
presumably a higher oxygen pressure is needed to maintain 6 under higher
current density electron bombardment conditions.

3,3.1.2 Alumina films, Two samples of 300A eleciron-beam-evaporated
Al,03 on Mo were prepared for the EBV vehicle, The effect of high current-
density electron bombardment (up to 0. 75 A/cm?) on the secondary emission
ratio (dmax) was measured as well as the recovery of 6,55 with oxygen, Also,
nitrogen and carbon dioxide were used instead of oxygen.

The first sample showed an initial 64,5, of 2. 0 which subsequently
increased to 3.8 with oxygen treatment (primarily under bombardment at
0.15 A/em?2 in Oy of 1.5 x 10-7 torr).

ale

" A calibration of oxyger pressure as a function of CuO pellet temperature
yielded the expected exponential dependence P = Pg exp (-Q/kT) with an
activation energy of 220 kilocalories /mole.
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on Molybdenum Substrate using CuO Oxygen Source

The second sample was exposed to Oy, Nz, and CO; during a 41-hour
period of EBV evaluation, (See Figure 3-28.) The initial effect of O at
3 6 x 10-6 tcrr pressure was to increase Smax from 2 to 4.2, Subsequent
s degradation of dmax to 2.6 due to 0, 75 A/cm2 electron bombardment was
3 followed by an unsuccessful attempt to increase § by the use of Nz at
3 6 x 10-6 torr. Following this, an O treatment at 6 x 10-6 torr did increase
dmax from 2.6 to 3. 05, Although this increase was smaller than the initial
i effect, the N effect was decidedly much smaller than that of Gp.

Sk s Sl LY
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Subsequent gas treatments caused only small effects, with & 5% varving
between 2,3 and 2,75, The results during this latter portion of the EBV
evaluation (hours 23 to 42) are deemed inconclusive since the condition of the

sample was not ''normal' as evidenced by the lack of a2 strong, positive O
response,

3.3.1.3 Oxidized aluminum films. A series of tests was conducted in
the EBV vehicle using alurninum metal targets made either by evaporating an
aluminum layer on a chemically cleaned, wet-polished OFHC copper substrate
or by machining and chemically cleaning an sluminum alloy.

The target samples were either naturally oxidized (25A laver of oxide)
or anodized 300A oxide layer).

Three samples (E~1, E-2 and E-3), of an evaporated aluminum layer
of 95004 thickness were deposited on a chemically cleaned, wet-polished
OFHC copper substrate and tested in the EBV vehicle, The results of 80 hours
of evaluation in the EBV for sample E2 are shown in Figure 3-29. Residual
vacuum without oxygen addition was approximately 5 x 10-8 torr, Recovery
with oxygen at 8 x 10-6 torr is shown during hours 3 to 11. After a small
increase of 6;y5x (overnight) while the equipment, including the gun, was off,
a large increase to a dynax in excess of 4. 0 was observed (hours 11 to 19),
During this time, the gun heater and gun cathode were at elevated temperature,
but without electron bombardment. The increase may have been due to gases
released bythe heater-cathode structure of the electron gun, Subsequent to this,
electron bombardment at 0. 75 A/cm¢< from hours 19 to 35 caused Smax to
decrease from 4,0 to 1.4, This sample never again reached the high 6 value
of 4.0. The sample continued to show the expected response to O2 and to
high-density electron bombardment., The decrease «f épnax due to bombard-
ment of 0. 75 A/em?é, which occurred during hours 60-79, was quite slow,

6max decreased from 3,2 to 1,5 in 24 hours. The results from samples E1
and E3 were similar in all respects.

An aluminum target alloy 6061 {97. 5% purity) was cleaned and the
surface prepared in a manner similar to that required for plating. The
alumirum target was then mounted in the EBV and evalvated for 92 hours.
The resultant data are summarized in Figure 3-30. The residual gas pres-

sure was approximately 5 x 10-8 torr. Additional oxygen was supplied from
an auxiliary, thermally activated, CuO source.

The initial value of 6max was approximately 5 and stands out 2s an
unexpected result, Previous é measurements on room temperature, air-
oxidized, aluminum alloy 6061 showed 6 hax values of approximately 2.
Bulk, crystalline, aluminum oxide displayed 83 values of 5, and similar
high 6 values were observed for Al;03 {ilms deposited on a Mc¢ substrate
by electron beam evaporation techniques. However all p. evious room
temperature, air-oxidized, aluminum samples nad dmay values less than
2.5, typically 2.0,
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- 50 .




i

g e e

I

&gk e

e

IR

AW

ik 4ty

£, 80

e — —— - . —
P

cor % o 0 0 G %
l ‘ l %2"'0‘] 55 10 torr 5 x 108 torr
8 x 0! Ixip® §x 107
toer torr  foer
5.0F ¢ Als
S
10
4o}
T 5
s "
3.0} ¢
Sua
200 Lreemo:
3 = 3 an BOMBARDNEXT
10 = 10 me BUNBARDNERT, etc
1.0}
= TARGET NEGATIVE RELATIVE TO ANODE
[+ A i dcnen i A i A i | i 5 4 A - F BN & 1
0 5 10 15
TINE  (WOuRS) ssat
G'OLoz 0, = )
__‘! 3 1 i
5 x {06 i 5 x 10-% torr ! l' 5 x 10% torr
torr
col
s.0}
L) 30
2, P
"
3.0 o‘,c
2
. .
° [}
2.04
Lo}
Y T N e a1
20 25 30 35 20
TiNE  {wOURS) a3y

Figure 3-30 Sheet 1.

- 51 -

Smax vs Time in Electron Bombardment Vehicle for
Aluminum (Alloy 6061) Target (Naturally Oxidized)
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Figure 3-30 Sheet 3, 8., vs Time in Electron Bombardment Vehicle for
Aluminum (Alioy 6061} Target (Naturally Oxidized,

Figure 3-30 shows that bommbardment at the 10 mA level {i,e. 0. SA/cmZ_)
results in rapid degradation of 6 and some recoveryoccurs with the beam turned
off. As seen in Figure 3-30 (hours 84 1/2 to 87 1/2) an O; pressure of 1 x IQ'S
torr was sufficient to maintain a 6,5 of about 3 during 0.5 A/cm2 bombardment.
Oz pressuresless than 5x10-6 torr allowed degradation at this bombardment level.
It appears that, in general, O2 pressures in the rangs 10-6 - 10-5 torr are

needed to maintain stable §'s of a naturally oxidized aluminum target at high
bombardment levels.

The tests with aluminum targets (alioy 6061) were repeated twice and
showed secondary ernission ratios (max) ‘rom 1. £ to 2. 5 under various
conditions of electron bombardment and oxygen treatment (for details see
Quarterly Reports No. 8 and 12), It may be mentioned that in one experiment
the presence of hydrogen during bombardment resulted in 5,,, degradadicn.

A similar test was conducted with a cleaned target of 1100 aluminun
(99. 0% purity) in the EBV for 43 hours. The results showed émax varying
between 1. 5 to 2. 5 during the bombardment and oxygen treatment (for details
see Quarterly Report No. 8).

-~ 53 -




Samples consisting of aluminum alloys 6061 and 1100 were anodically
oxidized to a depth of 300A in a tartaric acid solution, but before oxidation the
sample surfaceswere highly polished. This method is known to produce a non-
porous oxide film. During a test period of 55 hours the samples responded to the
oxygen treatment in the same manner as described for the naturally oxidized

aluminum films, $max varied from 1. 5 to 3.0, (for details see Quarterly
Reports No. 9 and 10),

3.3,2 Beryllium Oxide Films. Beryllium disc samples 98*% pure were
cut from a beryllium sheet by a2 photoetch process and ther. diffusion-bonded
to a coprer surface, These samples were either naturally oxidized or
anodized in tartaric acid to a 3004 oxide layer.

Four beryllium samples with naturally oxidized surfaces were tested
in the EBV vehicle for periods of time extending from 50 to 100 hours.

Typical test results for a period of 98 hours are shown in Figure 3-31,

L—‘ °2——°!
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.
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Figure 3-31 Sheet 1.  6y5x v5 EBV Time for
Naturally Oxidized Beryllium
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Figure 3-31 Sheet 2, 6 vs EBV Time for
Idaturally Oxidized Beryllium

Beneficial effects were noted for Oz, N and CO), all at the same
pressure of 6 x 1072 Torr. The sequence of gas treatments was Oz, Np,
O, CO,, and Oz. All showed sigrificant effects, bt Op was perhaps the
most efiective. Typically, the gas treatment increased & . from approxi-
mately 2. 5 to between 3. 5 and 4. 0 during the first 58 hours of testing. After
several gas treatments, the rate of degradation of §, due to 0. 75 A/cm2

electron bombardment had slowed down. Note in Figure 2-31 hours 25 to 40
and also 43 to 56.
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Figure 3-31 Sheet 3. 6max vs8 EBV Time for
Naturally Oxidized Beryllium

During the last 40 hours of evaluation, the sample was exposed to
atmospheres of O and Hy at approximately 6 x 10~6 torr residual gas pres-
sure; the background pressure was approximately 1 x 10-8 torr at all times
and bombardment was carried out at 15 mA (0. 75 A/cm2) and 3 mA
(0. 15A/cin*). The value of dmax increased from approximately 2.5 to 3.2
during this time for both O2 and H2 treatments. Fluctuations in the value of
8 decreased further with successive gas treatments, and degradation due
to ge 15 mA (0. 75 A/cm2) electron bombardment became more difficult to
achieve, (Figure 3-31, see hours 60 to 71, 73.5 to 86, and 89. 5 to 98.)
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Two beryllium samples with an anodized oxide layer 300A thick were
tested in the EBV vehicle for periods of time up to 140 hours.

Figure 3-32 shows the results from a typical sample for a period of
140 hours. During this time, the target was exposed to residual atmospheres
oi Oz and N, at pressures of 5 x 10=° torr; the background pressure was

always approximately 1 x 10-8 torr. Bombardment levels of 0. 75 Afcm?2
(15 mA) and 0,15 A/cm? (3 mA) were used.
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Figure 3-32 Sheet 1.  5max vs EBV Time for 300A Anodize@ Beryllium

-57-

A AR AN P e ek



8
304 2 ¥
~ 15105 Tome l———f
[H
1%
3
35§ 1
EPBIXS = 2 SHBAIIEET :
a||x & = PIGATIVE SOMBARENT 3
3
15
\& 5 -
15 3
15 13 3 A 15
3
254 '
¥ } SR ¥ 5 i . i 1 | B 1 1 Fy i L a 1 i -
0 L ) 50 55 &
TE {mzs)
l:
wol § s, | ~s210°% TORY Hi
~1x19"% TOM2
g,
13
STNPER3 = ail PRRATNERT
35 \ 15 ° ’
5
aax ; " J//
ST s
S30 s -]
ao]
i 1 a 1 L 1 el 1 - =} 2 3 3 1 Fs L 3 i
-2 (33 70 75 L 4]
; e {¥3) sarm

Fjigure 3-32 Sheet 2. & vs EBV Time for 300A Anodized Beryllium

- 58 -




sl e St oo L
VB 5 MR SR

ket

oyt (AL BeAY

b 0t

LA Yy

§ AU 3 LAY 30 41 Bind7 18 H0od

2

% gy
1 @iy ws

o) (it DARRE VR Rl

RN

Tt TR ST e e s e S T T TR IR T

AN | ._._.{
2
35 ~ 6x10°¢ Tom —c' ", ’.— }.. N .‘ "-°i—'
T ~5x10°% ~6x10F Sxi0°¥
£ 3 3 EMBIRS - of SONSARDKENT vore Tore Tes
Rax \
3
3
3.0
3 I 3
) 3 3 w oy
3 3 3 3
3
2‘5 i § . d 2 4 i 4 ;e ' 2 4 2 1 1 b _ 2 3
50 85 % ik (urs) 95 100
0, ]
~ 55105 1022
30} BNSEES = ad SONBARDNENT
3
fy 3223151533333,s \
asx 15 Boals s 3 a1
505 3
2_5 o, i 2 i A 1 1 . 2 1. e i Y A —~ i 2 ry -
100 108 “{0 TIME (MRS) 115 120
]
}"2 .{ ..1 92 '..
SIBELS = =k DOMSIEZNENT ~7x10°% ~5x10°¢
10 Torr Terr
R
15
Jux 2 t.’
Svee————)
13
2sl o
_2 1 -2 2 2 b § - 1 2 ) § i 2 ) 4 r'l 2 ) | ;S 1
120 125 130 135 1%
TIME (ERS) s

Figure 3-32 Sheet 3. 3., vs EBV Time for 300A Anodized Beryllium

The data taken during the first 37 hours showed a positive response to
Oz at 1 x 10-2 Torr. Further svaluation showed a positive response to G2
at the same pressure starting at hour 58, Continued bombardment of
0. 75 A/cm2 caused 8,54 to decrease to 3.2 after reaching a maximum of
3.9. Scbsequent efiorts to determine the restorative effects of Ny were
inconclusive; 8,5« remained between 2.8 and 3. 0, with at most a small
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N2z effect which was not reproducible. Rechecking the restorative effect of
O2 at hour 99 showed a negligible effect with d5% at ~2.8. This may be
interpreted to impiy a deteriorated sample. However, a positive response to
N2 at hour 130, 5 showed an increase of 6;nax from 2,4 to 2,85, It seems
reasonable to suppose that the “condition' of the sample at that time was such
that recovery with N, or O, would only be evident if &,,, fell below 2,8 and
that recovery would occur to 2 maximum value of §yax of 2. 8.

3.3.3 Impregnated tungsten and nickel-cermet cathodes, Three
impregnated tungsten samples of the standard (4-1-1) impregnant composition
and 20% porosity were prepared and tested in the EBV vehicle.

The results for sample no. 2 are shown in Figure 3-33 which shows the

effecta on 6., caused by heating for purposes of activation and by electron
bombardment in the hot/cold EBV,

After disassembly the samples appeared clean, there being no apparent
discoloration du= to extraneous deposits, nor to the electron bombardment
stress, nor to the activation heating.

Prior to the testing of sample no, 1 the target heater had been modified
for greater thermal efficiency. Additional shielding of the target had also
been provided to prevent the deposition of foreign material on the target
surface. These modifications appear to have been successful,

The samples appeared to stabilize to a 8,5, of 2.2 to 2.3 after periods
of electron bombardment. The maximum value of §max observed was 3. 3 in
the case of sample no. 1 and 2.6 for sample no. 2. These are lower than a
value of 4.4 reported in connection with the work in the SEE vehicle for a
similar sample at best activation.

A nickel-cermet sample was run for 38 hours during whkich time several
activation periods at different temperatures ranging from about 800°C to
1100° C were tried, but the sample failed to respond. During the tests émax
ranged from 1,3 to 1.8. The sample appeared clean and the structure showed
minimal evaporation upon disassembly,

3.3.4 Beryllium-copper and silver magnesium alloys., The beryllium-

copper alioy {2% Be) was processed by directions supplied by Bell Telephone
Laboratories, ¥

The sample was then run for 40 hours of EBV time (Figure 3-34) during
which O rejuvenation of d;yax was carried out with 3 mA (0. 15 Afcm¥?)
bombardment. After each O treatment, dmax Was deteriorated by bombard-
ment with both 3 mA aad 15 mA (0. 75 A/cmn%) bombardment current,

* See Section 3.7 6. 2.
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Figure 3-34. ¢émax ve EBY Time for Optimally
Oxidized Beryllium-copper

The background pressure during the tests was always 1 x 10-8 torr or

less, and Gy pressures used for reactivation varied from 5 x 10-6 torr to
2 x 10-5 torr.

The initial value of §yax for this sample was 4. 4, but this deteriorated
rapidly to 3. 35 in 30 minutes under 3 mA (0. 15A/cm?2) electron bombardment,
This initial value of corresponds well with the values obtained in the
secondary emission vgﬁgle for optimally oxidized beryilium-copper. The
sample respornded favorably in all instances when Oy reactivation of 8.4
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was attempted both with and without the 3 mA (0. 15 A/cm?Z) bombardment. It
was also observed that 6;yyax increased typically from 2.9 to 3. 7 with bombard-
ment and slightly less without it.

Optimum oxidation of the silver-magnesivm alloy (7% Mg) was obtained
using a two-step process described in Section 3. 2. 6. 1 of this report.

The appearance of the film on the sample at this pcint, as reported by
Rappaport, 37 ghould be a shiny yellow. Our samples compared favorably with
this description,

The sample which was run for 12, 5 hours in the EBV {Figure 3-35)
showed a lower 6max than was expected initially. Improvement of &
which is sometimes observed when the testing is continued, did not occur.
The sample was given two O treatments, but did not show any great response
so the test was ended. During the tests, dmax varied from approximately 2. 3
to 2.7, After examining the sample and considering all possible reasons for
the lack of response, it was concluded that the bakeout temperature (400°C}
was too high., At that temperature the vapor pressure of the Mg is excessive,
probably causing fresh Mg to diffuse through to the surface and, in turn,
causing the sample to change characteristics as far as § is concerned. The
work with these samples in the SEE vehicle, using a lower (200°C) bakeout
temperature (see Section 3. 2, 6. 3), seems to verify these deductions.

X ] b 0, ] b 0

~3.5x 1076 TORR ~ §.5x 1075 TORR
d 3
|4 z 3
f 3
2.5

2.0 — ) i | L L . i 1 PR MU A i N i
0 5 10 15 20

TIHE  (HRS) 5E5£24

Figure 3-35. &,.x vs EBV Time for Optimally
Oxidized Silver-magnesium

3,3.5 Boron nitride., Two BN film samples were prepared and evaluated
in the Electron Bombardment Test Vehicle (EBV). These films were formed
by chemical vapor deposition (CVD) techriques to a thickness of 200A on Mo
substrate,

The results of electron bombardment at 0,5 A/cm? and 1.2 kVare
showr: in Figures 3-36 and 3-37 for BN samples no. 1 and 2 respectively,
The secondary emission ratic remained constant for up ‘o 8 hours of bombard-
ment. &;,,, was between 1.7 and 2.1 and Vypy, x Was betweer 350 and 400 voits.
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Figure 3-36, dmax vs Electron Bombardment Time in EBV at
0.5 A/cm2 and 1.2 kV for 200A CVD BN Film
No. 1 on Mo Substrate

The observed values of é6 were much lower than the value of 83y of 4. 3
measured in the SEE Vehicle on apparently similar BN film (see Section 3. 2. 5).

A repeat of the test with another BN film sample had similar results as
those shown in Figures 3-36 and 3-37. No explanation can be given for the
unexpected low 8 values. Values of & in the EBV ..aay be 15% low as indicated
by our previcus measurementis on platinum. The discrepancy is definitely
outside of experimental error.

3.3.6 Summary of results in the Electron Bombardment Vehicle. The
results of the tests conducted in the EBV are briely summarized as follows:

1, Platinum

a. dmax measured in the EBV was 1. 54, i.e., 15% lower than
the value measured in the Secondary Emission Test Vehicle
(SEE),

b. Electron bombardment at 0. 5 A/cm?2 and 1200 V dc for
several hours caused no deterioration of .

.
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Figure 3-37. 8,4 vs Electron Bombardment Time in EBV at
0.5 A/em2 and I.2 kV for 2004 CVD BN Film
Nc. 2 on Mo Substrate
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Molybdenum-alumina films on copper substrate

a. A 10004 film of 30% Mo - 79% AIZO3 showed an increase of

dmax from 2.2 to 2. 7 after the first 18 hours of electron
bombardment in vacuum at 0.3 A/ecm2 and 1200 V,

b, Under electron bombardment in vacuum at 1.0 A/cm?
and 1200 V, dmax decreased, but appeared to level off
- at 1.7 after approximately 22 kours of bombardment.

c. dmax measured in the EBV at 0 hour was the same as
that found for a similar sample in the SEE,

Molybdenum-alumina films on molybdenum substrate

a. The initial 6., of 500A 30% Mo-70%A1,03 film was 3.8
and decreaséﬁ to 3, 2 within 3 hours of electron bombard-
ment in vacuum at 0.5 Afcm?2 and 1200 V.

b. A Smax of 3.6 could be maintaired for a 500A 30% Mo-
70% A1203 film by an O partial pressure of 6 x 10-7 torr
during electron bombardment at 0.5 A/cmZ and 1200 V.

Alumina films

aa. Initial §ynax values of two 300A thick electron beam
evaporated films on Mo were 2 and 2, 4.

b. Presence of O or COp during electron bombardment at
0.15 A/cmZ had a beneficial effecton 6 ... Nphada
decidely smaller effect, if any. Electron bombardment

in vacuum degraded improved dmax values.

c. Optimum values of ;3¢ obtained through the use of Oy
were 3.8 and 4, 2.

d. Repeated use of Qp resulted in a diminishing of the recovery
effect.

Naturally-grown oxide films on vapor-deposited aluminum

a. Three samples showed initial 6;yyax values ranging from
2.4t 2,7,

b. Electron bombardment in vacuum at 0, 5 or 0. 75 A/cm?
degraded dmax to a fairly stable value of 1.5

c. Presence of O2 at pressures in the upper 1¢-6 torr range

and moderate bombardment improved 8., to values
between 2.5 and 3,
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Naturally oxidized aluminum alloy 6061

a.

b.

C.

e,

Two samples showed 6max values ranging from 1, 5to 2.5
under various conditions of electron bombardment and C
treatment.

Hydrogen seemed to have a2 detrimental effect on dmax.

The initial 84,55 of a third sample was surprisingly high
(about 5), but rapidly deteriorated to about 2 under electron
bombardment in vacuum at 0, 5 A/cm2,

Use of Oz without bombardment gradually increased the
Smax of this sample to 4.

Oz in the pressure range of 10-6 to 10-5 torr appeared to
be capable cf maintaining 6,45 at a level of approximately
3 under electron bombardment at 0.5 A/cm?2,

Naturally oxidized aluminum alloy 1100

a.

b.

Ce

The sample showed an initial 6, value of 2 to 2. 5.

Under electron bombardment at 1 A/cm2 in vacuum, Smax
appeared to become fairly stable at 1. 5.

Presence of O improved §,, . to about 2.

Anodized aluminum alloys 6061 and 1100

The samples anodized to 300A thickness showed variation of

6rnax

between 1.5 and 3 under various conditions of electron

bombardment and O2 treatment.

Naturally oxidized beryllium

3.

b,

C.

dmax varied between 2 and 4 during 98 hours of electron
bombardment under various conditions.

Smax decreased under bombardment in vacuum at 0. 75 Alcm?

and significantly increased under bombardment at 0. 15A/cm?2
in atmospheres of Oy, Np, CO, and H,.

The fluctuations in the value of § decreased with
increasing number of gas treatments and the degradation
of 8.,,., due to electron bombardment at 0. 75 Alcm? in
vacuum was delayed,
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10,

11,

12.

13,

14,

Anodized beryllium

2. 6max varied between 1.7 and 3.8 during 140 hours of
electron bombardment under various conditions.

b. émax showed the usual deterioration during bombardment
in vacuum at 0. 75 A/cmZ and increased under bombard-
ment in O at 0.15 Afcm?2,

C. A beneficial effect of N2 on dmax was not as clearly
indicated as in the case of Op.

d. The phenomena observed toward the end of the test period
suggested that the sampie was in such a condifion that
improvement of &
was impossible. Consequently, recovery by O or N
treatment was only evident when 6., fell below this vaiuve.

Impregnated tungsten cathodes

a. dmax remeined fairly stable at 2, Z during electron bombard-
mext at 0.5 A/cm? in vacuum for 15 houzis.

b. O, treatment had no significant effect cn &,5x.

Nickel-cermet cathode

dmax ranged from 1.3 to 1. 8 in spite of an extensive effort to
improve dmax by suitable activation methods.

Ber yllium-~copper alloy {2% Be)

a. The initial value of 6, was 4. 4.

b. S max T2pidly deteriorated under electron bombardmeat in
vacuuin even at moderate bombardment levels {0. i15A/cm?Z).

Ce 8max responded favorakly to O, reactivatior.

d. Typical increases of &, .. in the presence of Oy were from
2.9 to 3. 7 under electron bombardment at 0. 13 A/cm?Z,
{They were somewhat smaller without bombardment. )

Silver-magnesium alloy {7% Mg)

a. The initial 6,,,, value of an optionally oxidized sample
was Z. 5.

b, Eilectron bombardmezt ia G, had littie effect on 5 axe
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15, Boron nitride

a.

b.

Ce

The initial value of §_, . was approximately 1. 7.

This value was much lower than the value of 4. 3 measured
for an apparently similar sample in the SEE,

6mayx remained constant under bombardment in vacuum at
0.5 A/cm? for at least 8 hours.

3.4 JIon bombardment of cold cathcdes. The Ion Bombardment Yehicle

(IBV) is a demountable inexpensive test veaicle used for the evaluation of
sputtering erosion of cold cathode materials. A simplified schematic of
this device, including circuitry, is shown in Figure 3-38,

Figure 3-38.
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Schematic of the Ion Bombardmenrnt Vehicle Sputtering
Apparatus.
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The method used for producing the incident ions constitutes a low
pressure gas discharge in 2 magnetic field, It overcomes some of the un-
desirable effects of the glow discharge method, such as multiple coilisions
of gas particles and back-diffusion of sputtersd targect atoms to the target.
The use of a low pressure results in a longer electron mean free path and
reduced icnization of the gas. The applied parallel magnetic field (300 gauss)
tends to gvercome this limitation so that ion current densities of about
4 ma/cm” at several kV energy are achievable. Sputtering erosion is

confined to an area of approximately 1/8 inch in diarncter on the target
surface,

39
Cther methods, such as the supplemented low-pressure arc or the
use of well defined ion bearns, were deemed either not feasibie or too
compliczated for the program.

The IBV was operated with nitrogen at approximately 10-3 torr., 2
Under these conditions ion bombardment current densities of 1 and 2 mA/cm
were used to sputter the following target materials: Pt 30% Mo - 70%

AIZO film on Mo substrate, electron-beam evaporated Al.,O3 films on Mo
substate, impregnated tungsten, ard nickel cermet. -

- 70 -




3.4.1 Material samples.,

3.4.1.1 Pt. A Pttarget was sputtered at a current density of ImA/cm?
and a voltage of 2 kV for ! hour. Under the design cond:tions of the IBV only
a 3/16 in. diameter central portion of the 3/8 in. diameter target was
sputtered. The sputtered region had a duil, etched appearance as compared
to the shiny unsputtered region. Under microscopic examination (400X
magnification) it was observed that the sputtered region was highly decorated
with many edge and screw dislocations, evidently due to selective sputtering
at the surface.

3.4.1.2 30% Mo - 70% A1203 films on Mo subwtrate. A 200A film was
spattered at } mA/cm< ard 800 volts for 20 minutes. After 10 minutes the
central sputtered region was only partially removed, but after 20 minutes the
film was completely spettered away. Following this a series of six 1000
Slms were sputtered at 1 rnA/cm?2 and 650 volts for various times up to a
maximum of 20 minutes. The central sputtered region showed progressive
color changes indicating the reduction in film thickness, with complete
erosion occurring after 90 minutes. A simplified sketch of the film after
90 minutes of sputtering is shown in Figure 3-39, A central portion shows
the Mo substrate where the film has been completely eroded away. Surrounding
this region are successive colored rings which are similar to those films
which had been sputterec for shorter time periods. The colored rings in
Figure 3-39 are enlargeu out of proportion for purposes of clarity.

Another set of six 1000A films were sputtered at 2 mA/cm? and
1100 volts, the results being quite similar to the previous set except that it
took about half 2s much tisne to spatter through to the substrate material,

An estimate was made of the sputtering yield of A1203 from the above
data. By neglecting the Mo component, one obtains a yield of 0. 007 molecules/
ion at 650 voits for nitrogen. This is in reasonable agreement with a valse
of yield, S = 0. 016 molecules/ion, deduced from the data of Wehner et al 31
for the Hg sputtering of A1203 at 650 volts when we apply a correction facior
of 0.47” to adjust the value to N7 sputtering of A103. The mean free path
of Nz at 25°C and p = 103 Torr is approximately 5 cmn, Therefore the error
cdue to the backscattering of sputtered neutrals is not expected tc be large.

Based on a depietion time of 90 minutes for a 10004 film subjected to
an ion bombardment current density of 1 mA/cm? at 650 volts, one can
project a £lm life of 50 hours at 0, 03 duty cycle operation. However, the
average ion bombardment current density in the CFA is estimated to be only "
~10 pAfcm2, Based on this assumption, the sputtering life of the 1000A film
in the QKS1319 CFA test vehicle, operating at a duty cycle of 0,03, would be
aporoximately 5000 bours.

3.4.1.3 Alumina films on 2 molybdenum substrate. Two electron-beam
evaporated Al,O3 films were depesited on a Mo substrate and then sputtered
to canse complete erosion of the films, Due to a slight coloration in the films,
it was possible to determine when the film was completely removed; the Mo
subatrate was then directly visible, The sputtering was performead in N2 at
- 10-3 torr and at an ion bombardment current density of 1. 2 mA/cm?2 for
both films.

* This factor is obtdined from daca for sputtering copper with N2 and Hg.
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The 500 & film was bombarded at 1.2 kV ion energy and was completely
eroded in 15 minutes, corresponding to a sputtering yield of 0. 017 molecules
ion. The 1000 & film was bombazded 2t 0.8 kV ion energy and was completely
eroded in 35 minutes, corresponding to a yield of 0.015 molecul=s/ion,

3.4.1. 4 Imgpregnated tungsten. Two impregnated tungsien samples
were sputtered at 2 mA/cm< and 1. 8 kV, These samples were similar to
some of those previously reported and had the following compositions:

sample no. 1 - £ BaCO3: 1CaC03: 1 A1,03
faster zctivating type

sample no, 2 - 3.5 382aCC3:1CaCO3: 1 al7;03
slightly slower zctivating type.

Sample ro. 1 was sputizred under the above conditions for 2 hours, while
sample no. 2 was sputtered for orly I hour. The resuits were gualitatively
similar with sample no. 1 stowing a more pronounced effect. In each case
cnly 2 central region of approximately 3716 in. in diameter was sputtered
so that each sample contained both sputiered an<d unspotiered regions,

Figures 3-40 and 3-41 show 2 comparison of a spattered and an unspatiered
portion of sample no. 1 at a2 magnification of 210X, In each photograph, the
white areas are interpreted as representing reflecting metallic tungsten
areas. The dzrk areas probably represent depressions in the surface, whose
bottems may be Hlied either with impregnant or with tungsten. The samples
Pagd been polished inittally to 2 fipal polish using 4/0 emery paper. Typically,
this type of polishing resulis in the remcoval of impregzant, icaving depres-
sions in the surface. An analysis of the photograph of the unspatiered region
showed the dark area to cover 15% of the sarface. This is in reasonable
agreernent with the asual 20% porosity of the tungsten matrix, A similar
analysis of the spauttered region revealed 2 47% dark area coverage of the
surface. 3t is scpoposed that the sputtering of the surface loscsened additional
tangsten perticles™ revealing more depressed zreas.

3.4.1.5 Nickel cermet. Two mickel cermet samples were sputiered 2-
a2 current dexsity of 2 mAfcm and a volage of 2 XV for oze hour., Each had
the samme composition, namely 70% N5 and 0% Radio Mix No. 3. ¥ Qne of
the samrples =as polished using £4/0 erne -y paper; the cther was ledl aopalished.
Both samnples showed 2 darkeming of the <eczrer of the spaitered region. The
polished sampie was subjecied $o microscopic examination and as Figure 3-42
shows, 2t a magnification of 80X there exists a strong coztrast Detween the
ercsion of the spottered and ansputtered regicas. I is supposed Hhat the instial
polishing caused the soit mickel to smear over e areas containing Radio
AEx No. 3 apngd that the spottariwg erxeded away the smeared-cver I8 Him,
1t was 2iso possibie ¢o Getect raxny Tits in the light z2reas {meiai} of the
sputtered region; these were oot presented in the unspattered rezions.

Secondary emission measurements were then made of the spattered
sampies of P, the impregnated tungsten samples, and doth the polished and
unpolished 23 cermet samples, The resuits zre described in Section3 4.2

% Sorme meiallic dast was Tound at the boiom of the IRV,

== Radic Mix No. 3 contains §0% Sz CO3 and £0% & CO3 5y weight and bas
an averzze mariicle size of 3 to & microns. -
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Figure 3-42. Polished Cermet Sample Sputtered at 2 mA/ cm?®

(80X Mag., spittered region above diagonal,
unsputtered region below).

3.4.2 Secondary emission measurements.

3.4.2.1 Sputtered Samples. Afier being sputtered in the IBV, the Pt,
impregnated tungsten, and nickel cermet samples were installed in the secon-
dary emission (SEE) test vehicle for measurement. The secondary emission
measurements are summarized in Table 3-7. There is some indicztion from
these data that the polished samples have 2 somewhat higher é than the unpol-
ished samples.

An indication of the effect of sputtering on § was obtained by
scanning across the target surface, thus passing through sputtered and unsput-
tered regions on the same sample, The indications from these experiments are
that sputtering tends to lower & by up to 10% for the nickel cermet and impreg-
nated tungsten samples. It was observed that sputtering had no discernible
effect cn 6 of the Pt sample.

Some observations of fluorescence were also made in the case of
the nickel cermet samples; the other samples did not show any fluorescence,
There were differences between sputtered and unsputtered regions as well as
between polished ar.d unpolished samples of Ni cermet. These observations
are summarized in Table 3-8, The white spots observed in the unsputtered
region of the polished Ni cermet samples were regions which had a nigh 4, and
showed charging effects. It is supposed that the white spots contair BaO,
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Table 3-17,

maXx

Sputtered Saraples

dmax, after

dmax, after

e

} for Various

dmax, after

system 1st heat 2nd heat
Samgle bakeout treatment treatment
1. Pt, sputtered 1.64 1,95
(1600°C-10 min) ~--ccccoca-

2., Impregnated . o

Tungsten (4-1-1), 2,30%% 5, 52% 3.247%

sputtered (1050°C-15 min) (1050°C-15 min)
3. hapregnated

Tungsten 1. 76 2,066 2,66

(3.5-1-1),

sputtered {1050°C-15 min) (1050°C-15 min)
4, Ni cermet, ¥ 1.50 1.84 2,06

unpolished,

sputtered ( 850°C-10 min)  { 900°C-10 min)
5. Ni cermet, 1.9: 3,00 2.84

polished,

sputtered ( 850°C-10 min)  (1000°C-20 min)
6. Ni cermet, * 1,84 3. 00 2.9%

polished,

unsputtered ( 850°C-10 min)  (1060°C-10 min)
7. Ni cermet, 1.39 2.57 2.58

unpolished, o °

unsmattered ( 850°C-10 min) (1000°C-10 min)
E3

Al four Ni cermets had the same composition (70% Ni, 30% Radio Mix

S TSR TR

sesr SR

No. 3), and were processed identically.

% . .
This measurement refers to sputtzred region only.
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Table 3-8

Fluorescence of Ni Cermet Samples

Unsputtered Slightly Sputtered Highly Sputtered
Region Region Region
Polished greyish white no white spots, no fluorescence
Sample background, hardly any

with white spots fluorescence

Unpolished blue, greyish white no fluorescence
Sample no white spots

3.4.3 Summary of results in ion bombardment vehicle.

3.4,3.1 Alumina films on molybdenum. Electron-beam-evaporated
films, .
a, Sputtering of 500A and 10004 films with N, resulted in yields

of 0.015 molectles/ion at 0.8 kV and 0. 017 molecules/ion at
1.2kV. (jon bombardment density 1.2 ma/ cm? in both cases.)

b, These films, when half eroded by sputtering, had §,,,4 {in SEE
vehicle) of ~1. 4 in the sputtered regionand & _ _ of ~2.3 in the
unsputtered region of same sample.

3.4.3.2 30% Mo - 70% Al203 films on Mo substrate. Electron-beam-
evaporated films,

a. Sputtering of 1060 & films with N, resalted in a yield of 0, 007
molecules/ion at 6,65 kV in N,. (Jon bombardment density of

1 mA/cm?,)
3.4.3.3 Impregnated tungsten cathodes.

a. Sputtering with N, for 2 hours at 2 ma/ cm? and 1.8 KV caused a
significant amount of falling-out of tungsten particles,

b. These sputterec samples showed a reduction in § of approximately
10% by comparison of sputtered and unsputtered regions of same

sample.
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3.4.3.4 Ni cermet cathodes.

a, Some darkening of the sputtered area was observed.

b. Unsputtered areas showed fluorescence; sputtered areas id not.

c. The sputtered samples showed a reduction in 6 of approximately
10% by comparison of sputtered and unsputtered regions of same
sample.

3.4.3.5 Platinum.

a. Sputtered sample shoewed no change in § ;.
4. DISCUSSION OF THE RESULTS OF PHASE A AND
RECOMMENDATIONS

The mnaterials investigation of the program has indicated a number
of prospective cathode materials for use in crossed-field aplifiers (CFA's).
Thin films of the refractory metal oxides, such as A1303 and Be8, and im-
pregnated tungsten were considered as the most promising candidates, and
muck of the effort was therefore spent on the investigation of these materizals.
A1l503 and Be0 films were att ractive because of the relatively high values of
& obtainable under certain conditions., A shortcoming of these materials is
the dissociation under electron bombardment. As has been shown, however,
this problem can be overcome by providing a suitable gaseous environment.
In particular, a low-pressure atmosphere of 0, was found to stabilize Al,03
and Bel films under electron bombardment so that acceptable values of § can
be maintained over extended periods of time., The feasibility of this approach
was confirmed by operating such oxide films as cathodes in CFA tect vehicles
as will be described in detail in the "Phase B" section of this report.

Although the feasibility of the method has been demonstrated, and
numerous experimerts have been conducted with different types of Al03 and
Be0 films undexr various conditicns, the investigation must still be considered
as being far from compiete because of the many variables which have to be
taken into account. No definite conclusions can therefore be drawn from the

present resuits and only speculations and guidelines for future work can be
offered.

It is reasonabla to assume that the electron bormbardment causes
bond-breaking in the oxide films and release of both metal and oxygen ztoms,
but predominantly of oxygen atoms (sec Section 1.4.3). The loss of 0, renders
the oxide more metallic and this, in turn, tends to decrease §. Improvement
of & by administering 0, may then be explained by oxidation of the excescs metal,
i. ., regeneration of the oxide, However, this simple explanation is acceptable
only under the condition that no electror bombardment takes place simuitan-
eously with the 0 treatment, The processes occuring in the presence of 0; and
electron bombardment are certainly more complicated.
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Our observations made in the EBV indicated a tendency of 6 to
settle down at a value intermediate between the maximum and minimum value
found as a result of repeated electron bombardment dissociation and 0p -
assisted regeneration of the surface oxides. This may be tentatively explained
by assuming that, after much surface manipulation, a metal-rich film of only-
2 - 3 atom layers has formed at the surface and now protects the § enhancing
oxide layer underneath from further dissociation.

The observed effects of typical tube gases other than 0, and b are
also of interest inasmuch as they point to cther factors which may have to be
taken into consideration when attempting to explain the observations, It is
recalled that the presence of Hz, C0,,and Np caused significant recovery of
5 in the case of Be. (The improvemsnt of § was not sc dramatic with Al.}
This effect on the 5 of Be reminds one of the behavior of many metals which
show a higher 5 prior to degassing, i.e.when absorbed gases are still present
at their surface. It may be speculated that work function lowering due to
absorbed surface layers is responsible for these effects. In this connection
it may be mentioned that, with regard to 0,, there is indeed some indication
based on work function measurements reported in the literature; that 0
absorbed on a previously cleaned Be surface causes a lowering of the work
function from approximately 5 to 4 ev. The beneficial effect of 0, on the §
of Be may therefore result from two sources, i.e, oxide regeneration and work
function reduction,

The impregnated tungsten czifiod bas not been investigated in the
program as extensively as the A1,03 and I3e0 surface layers. The impregnant
used in the experiments was exclusively barium-calcium-aluminate, Only the
ratio of the componants was varied, The result of the investigation indicated
the importance of a suitable activation schedule for obtaining favorable 6
vaiues. The tendency of 6 to increase and then to decrease as a result of the
heating during activation was particularly interesting,since thermionic emission
from impregnated tungsten cathodes does not generally show a decline after
continued heating. It appears therefore that an activation schedule resulting
in a good thermionic emitter does not necessarily produce a useful cold cathode.
However, certain processes involved in the activation may be egually bene-
ficial in making a good thermionic emitter as well as a practical cold cathode,
This seems to be indicated by the observation that the impregnated tungstern
samples which were activated such as to exhibit thermicnic emission more
rapidly showed increased values of 6. The fact that the common activation of
impregnated tungsien cathodes for use as thermionic emitters can be drastically
changed, and yet a practical cold cathode can be obtained, was most convincingly
demonstrated by the successful operation of an impregnated tungsten cathode in
a CFA vehicle without prior performance of the usual heat treatment, This
will be discussed in detail in the '"Phase B'" section of this report.

The data on the effects of electron bombardment on the § of
impregnated tungsten cathodes were too few in number to be conclusive, The
comparatively high stability of § under electron bombardment was encouraging
and is possibly explained by taking into account that, in contrast to the oxide
film cathodes, the impregnated tungsten cathode is not a simple compound, but
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2 mixture of reactive components. While the oxide film cathodes are simply
decomposed by electron bombardment ard, hence, 6 is degraded, electron

bombardment of the impregnated tungsten cathode perhaps promotes a chemical
reaction among the components.

The 6 of the impregnated tungsten cathode is thought to depend on

the Ba activation of the tungsten surface. This can be achieved by electron and/
or ion bombardment since these factors can produce Ba from the oxide impreg-

nants and alsc activate surface diffusion to cover the tungsten surface with Ba.

This process is similar tc the continuous activation taking piace
in a thermionic impregnated tungsten cathode during life as a consequence
of the external heating,

In conclusion, it may be stated that the present study has demon-
strated the feasibility of arriving at oxide film and impregnated tungsten
type of cathodes which deliver sufficient secondary emission and are stable
enough to serve as cold cathodes with satisfactory life expectancies in CFA's.
The results of the study have indicated a strong need for a deeper insight
into the physical and chemic2i effects which are produced at the surface of
these materials by electron bombardment and which depend on the initial
state of the materials and the bombarding and environmental conditions., A
better understanding of the mechanisms involved will greatly aid in optimizing
the performance of the cold cathodes.

Emphasis of future work should therefore be placed on the investi-
gation of the bombardment-induced surface phenomena. Low-energy electron
diffraction and Auger analysis are considered as a valuable tool in this study.
X -ray diffraction and X-ray fluorescence analysis should be used as additional
analytical techniques,

In the study of oxide film cathodes, the nature of the films as a
function of the preparation method should be determined prior to electron
bombardment and, in additicn, the surface changes produced by various
bombarding and envircnmental conditions should be investigated and related
to the secondary emission behavior.

In future work on the impregnated cathnde, the activation of the

cathode by electron bombardment alone should be explored ir detail in the EBV.

Both activation and operation of the activated cathode should be monitored by
a mass spectrometer to identify gasecus by-products. As an additional item
of interest, the effect of the degree of the porosity of the tungsten on the
secondary ermission properties should be included in the study.
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PHASE B

EVALUATION AND LIFE TESTING OF
SELECTED COLD CATHODE MATERIALS
IN CPERATING CROSSED-FIELD AMPLIFIERS

5.0 INTRODUCTION - PHASE B

In a crossed-field amplifier (CFA), part of the emission current is out
of phase with the rf fields. This current extracts energy from the rf field,
bombards the cathode, and causes the secondary emission needed for opera-
tion.

As explained in Section 2.3, crossed-field amplifiers exhibit an emis-
sion current boundary which is the locus of emission-limited maximum cur-
rent termini of operating lines {each operating line is obtained at a constant
magnetic field) in the V-1 plane. The slope of the emission current boundary
is proportional to 5-1.

Platinum with a 5 of 1. 8 is adequate for many high-voltage CFA
tabes. However, larger values of § are needed for lower voitage tubes and
for higher power levels,

In Phase B of this program, the emission current boundary data were -
evaluated for several sscondary emitting cathode materials in operating
crossed-field amplifiers. The materials were platinum, beryllium, aluminam,
{both solid and thin film), molybdenum-doped alumina, and barium calcium
aluminate impregnated tungsten. In addition, the enhancement of emission
due to the introduction of oxygen into the tube environment was investigated
for the beryllium and aluminum cathodes.

Extended life testing was conducted on the beryllium, aluminum, and
impregnated cathodes,

Pertinent life test data are reported on platinum and beryllium cold
cathcdes that were run on other programs,

6.0 CFA TESTING

6.1 QKS1319. The QKWI1319 {(illustrated in Figures 6-1 through 6-4)
is an L-band forward-wave CFA which provides 186 kW of peak power at 13.5
dB gain over a 100 MHz frequency band. E operates from a dc power supply
at 10 kV, and its cold cathode is pulsed on witk rf drive and off with a low
energy control palse.
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Figare 6-3 QKS1319 CFA Test Vehicie - Cathode Support Assembly

Figure 6-4 QKSI1319 CFA Test Vehicle - Packaged Tube
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The QKS131¢ was under development during the first 12 months of the
cold cathode study project, Low and high average power versions of this
tube, including the 1JKS1383, were used for several of the Phase B secondary
emitter evaleation tests reported here. The use of an oxygen source ina
CFA for prolenging secondary emitter life was first evaluated in a QKS1319
test vehicle,

The principal operating characteristics are given below in Table 6-1.

Table 6-1
QKS1319/1383 Operating Characteristics

Frequency Band 1250 -~ 1350 MH=z
Peak RF Power Output 100 kW

Average RF Power Output 3000 W

Pulse Width 250 s

Duty Factor .03

Gain 13.5dB
Operating Voltage 10 kV dc

Cperating Current (nominal) 22 A

6.1.1 Evaluation of the Polished Pt emitter - Test Vehicle {TV) No. 1A.
TLe first cathodc tested in the QKS1319 was a pure vlatiimm cathode for 2
reference., The emitter surface was polished to a n:dirror finish using a fine
aluminum oxide paper (Aloxite 500) and distilled water as a lubricant. The
assembly was sealed in, designated TV No. 1A, and was sub’=<ted to a
normal bakeout at a temperature of 450 °C for 20 hours.

Emission current boundary (ecb) data are plotted in Figure 6-5. The
catuode produced a peak current of approximately 3.6 peak A and, as a con-
sequence of the low emission yield, no CFA amplification was obtained,

Hot insertion loss data revealed low anode circuit losses, indicating that
sufficient emission would have produced CFA amplificatior,

The exhaust cover pole assembly was removed, and no excepticnal
visial effects were detected. Mechanical inspection of the cathode centering
showed no important change, The cathode pole assembly was then removed,
and a visual inspecticn of the cathode emitter surface, cathode pole, end
shields, and anode circuit gave no evidence of any exceptional phenomena,

6.1.2 Evaluation of the roughened surface platinum emitter - TV No., 1B
The platinum cathode emitter previously evalvated was grit-blasted with
fine alumina particles at a nozzle-to-emitter distance of 6 inches and an air
pressure of 40 pounds gauge. The nozzle was held normal to the axis of the
cathode cylinder. The suriace finish, 2s :neasured by the profilometer in
mechanical inspection read 22 microincaes. The cathode was sealed in
and the tube was designated TV No, 1B.
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Figure 6-5. Emission Current Boundary Data -~ Cold Cathoude
Study - TV No. 1A {(Highly Polished Platinum Emitter)
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After takeour, a power sutput of 12J kW w2s achieved, with an over-
all efficiency of over 50%. The :miasion current boundary data were
creditable and yiclded 2 curvent of approximately 25 peal A,

The current mode boundary dropped rapidly during the test so that in
10 hours the tube was no longer cperable., See Figure 6-6.

The rapid decay in emission suggested that tue cathode surface was
changing with time, probably because particles of alumina were embedded
in the piatinum Guring the grit-bias*ing operation, either came out physically
or were reduced to aluminum and oxygen by the electron bombardment.

One experimnnt prcduced a very interesting result, A platinum cathode
sampie wa3s grit-blasted and ultrascunicaily clean<d in liquid Freon. Chemical
analysis proved that aiuminum oxide rarticles remained embedded in the
material; therefore, it is probawle that the secondary current is enhanced by
the presence of aluminum oxide in a grit-blasted cr Aloxite-treated platinum
surface, and that the performance of the roughened surface platinum
emitter is not entireiy due to angl? of incidence or to increased surface
area,

6.1.3 Evaluation of vhe 10C0 A molybdenuri-doped A1203 emitter
TV No, 1C. A m.lvbdenum-doped AI.O, film“showed very
good secondary emission yield i.. Phase A of this program, A molybdenum
cathode was therefore coated with a1000A molybderum-doped A1,90, film,

sealed into the test vehicle, and designated TV No, 1C. 273

Initially the lovr field ecb data were similar to those of the roughened
platinum emitter, and efficient CFA operztion was obtained, The emission
current boundary decreased fairly rapidly. Subsequent investigation
placed the emghasis upon the deteriorating effects of electron bombardment
dissociation (EBD), sputtering, and arcing conditions. Plots of initial and
final low-field =cb data are shown in Figure 6-7.

Sputtering, EBD, and arcing, produced by various combinations of
current, magnetic field, and high vcltage, wore observed through the four
viewing ports. Sputtering was believed to occur ia tne presence of a "blue
glow' which was seen to occupy the entire interaction space volume and
was always present when the CFA was in its proper amplification mode.

Arcs appeared as small bright spots whick occured mere freguently and
increased in intensity at higher voltage levels, To separate the esffects which
cause emitter deterioration, the CFA was run well below the arc boundary
for a specified length cf time, with continuous visual mecnitoring of the
virwing poris. L an arc was ochserved during a test, the data was not con-
sidered representative of the effacts of sputtering and EBD alone, Controlled
arcing runs were produced by raising the high voltage and allowing the tube
to arc for specified intervals of time (limited ‘o approximately 2 minutes
because of possible damage tc the test vehicle arode), In this short period

of time, it was possible to note a slight change in the emission current
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Figure 6-6 Emission Current Boundary Data vs Time - Cold

Cathode Study - TV No. 1B (Roughened Platinum
Emitter)
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Figure 6-7 Emission Current Boundary vs Time - Cold
Cathode Study TV No. 1C
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boundary data; however, 20 to 30 minutes of continuous operation was
required to detect emission depletion in the presence of EBD and sputtering
alone, After several test runs of various time intervals with increasingly
severe arcing and sputtering conditions, the data yielded conclusive evidence
that a faster rate of emitter depletion occurs in an arcing environment,

Both sputtering and electron bombardment decomposition may contribute
to the degradation of §,as evidenced by the shift in emission current boundary.
EBD would cause the surface to be enriched in aluminum content due to oxygen
evolution. It was suspected that the EBD mechanism was more significant.
than sputtering in the cbserved loss of 5. In order to confirm this suposition,
it was decided to break open the exhaust tubulation, expose the emitter
surface to air and then to rebake the tube in an effort to restore the original
current boundary conditions, The initial emission current boundary data for
this test vehicle, designated TV No. 1D is shown in Figure 6-8. The device
demonstrated increased emission current almost tc the initial values obtained
for the original 1000A Mo-alumina emitter,

Since the natural oxide layer on aluminum is only approximately 25 A
thick, the almost complete recovery of 6 due to air exposure is interpreted
to mean that EBD depletion in the first 25 A of the surface is the most
important depth in degrading 6. This is consistent with previous measure-~
ments in this laboratory which showed a lack of dependence of & on the thick-
ness of the oxide layer on aluminum for the 25 Ato 1000 A range, The 25 A
layer had very short iife; the ecb dropped gradually as the tube was being
run up to the normal operating gauss level.

6.1.4 Evaluation of beryllium emitter - TV No. 2. Another QKS1319
test vehicle, designated TV Nc. 2, was equipped with a beryllivm emitter
and subjected to a series of evaluation tests. The initial ecb data compared
favorably with the Mo-doped Ai_O, emitter, The effect of continuous CFA
high-voltage operation on emitt r%.epletion is shown in Figure 6-9.

After 37 hours of high average power operation the emission level was
very low. The tube was exposed to air and baked out in the same manner as
the 1000 4 Mo-doped Al1,0O, emitter, Low -field emiission current boundary
data revealed that almo t%OO% of the original current value was restored,
supporting similar data for the Mo-doped A1203 cathcde,

6.1.5 Investigation of oxygern source for longer life, it was appropri-
ate to provide a continuocus source of oxygen during CFA operation to obtain
conclusive information on the observed natural oxide emitter depletion,

A method for providing a continuous source of oxygen during CFA
operation was devised, and the design and construction of the associated
haraware was completed. The oxygen source consisted of a disc of prassed
and sintered cupric oxide placed in a container with a heater, Ar experimen-
tal test was performed to determine partial pressures of oxygen as a function
of heater power.,
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Figure 6-8 Initial Emission Current Boundaries - Cold Cathode
Study TV No. 1D
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Figure 6-9 Low-Field Emission Current Boundaries vs Time -
TV No. Z (Beryllium Emitter)
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6.2 QKS1397 Mcdel No. 8. A QKS1397 test vehicle was constructed.
The tube is illustrated in Figure 5-10, and its operating characteristics shown
inTable 6-2. It utilized a stub-supported meanderline as the slow-wave
circuit, which consisted of 0.070 in. OD tubings spaced C. 040 in. from 2
backwall ridge. The device also had an Yoversize! aluminum (AA1190-F)

cathode emitter of 1. 702 in. OD. An cxygen source was incorporated for life
test evaluation of cathede emission.

Bakeout precessing was conducted at a temperature of 400°C for
12 hours, Further processing was conducted at the test station with the use
of a Vac-Ion appendage pump during initial test evaluation.

Test evaluation of the tube was conducted with the use of a conventional
pulse modulator. Strong pi-mode oscillation prevented proper tube cperation
at the normal drive power level of 25 to 50 kW peak. A drive power of 200 kW
peak was required to "lock ov:" the pi-mode osciliaticn at a sufficiently low
current level to give 2 reasonable dynamic operation range for the tube. At a
duty factor of . 001, the maximum peak current was 106 A for a cathode stress
level of 5. 7 AfcmZ. The peak rf power output was 1.3 MW. Curve No. 8 of
Figure 6-11 shows the emission current boundary for varicus magnetic fields.

The pi-mode oscillation reappeared for higher duty factor operation
{8u > .0015) and prevented normal tube operation. Evaluation of the tube
was terminated because the severe pi-mode oscillation was considered to be
due to the large diameter cathode.

6.2.1 QKS1397 Model No. 8A. The test vehicle was rebuilt as model
No. 8A with a smaller diameter {i.690 in. } aluminum cathode. Bakeout and
initial test processing remained as before.

A drive power of 125 kW peak was now regquired to suppress pi-mode
oacillation for a reasonable dynamic operating range. A peak current of
98 A was reached at a , 001 duty factor, representing a cathode stress level
of 5.3 A/em®. Curve No. 8A of Figure 6-11 shows the emission current
boundary for various magnetic fields,

Cathode emitter life test was initiated at a p=ak current of 72.5 A at
a .0C_ duty factor, with the oxygen source heater pocwer off. Operation
at this duty factor continued for 8 hours; at which time the peak current
had decreased to 66.7 A. The solid curve of Figure 6-12 shows the peak
tube current as a function of time during this phase of the life test., The
average power added by the CFA at the initial current level was 2970 watts,
at an efficiency of 46, 5%, with the cathode back-bocmbardment power
measured as 370 watts,

The oxygen source was then outgassed and the cathcde emission re-
plenished to a peak current level of 83 A (du = . 001). The dashed curve
of Figure 6-12 shows the oxygen source heater power as a function of time.
From this curve it may be observed that to operate the tube at . 001 duty
factor, and with the oxygen source heater power off, or at a reduced power
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Figure 6-10 QKSi397 CTA Test Vekicle
S-band Forward-wave CFA

Table 6-2 QKS1397 ~ Operating Characteristics {Prelininary)

Characteristic _Symbol Quantity Units
Frequency (Instantanecus Bandwidth) £ T3135-3465  MH:
Peak Power Cutput (minimumj) Po 1608 kw
Average Power Output {mirimum]} Po 4000+ W
Pulse Width tp 15 us
Gain {ménimum) A 16 dab
Cperating Voltage E‘b 28 kV
Operating Current (nominai) i 80 a

* Limited by present power supply

(VY]
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Figure 6-11 QKS1397 Emissior Current Boundary {Various
Magnetic Fields) - Solid Aluminum Cathode
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level, resulted in a decreased cathode emission, Hence, cathode emission
life evaluation was continued {at du = . 003) with the oxygen source heater
power initially at 55 watts. Only after the oxygen source heater power was
increased to 60 watte did the peak cathode emission reactivate to 72.5 A,

At this peak current level an average power of 2700 watts was added by the
CFA. The tube efficiency had then decreased to 42, 5%, while the cathode
back-bombardment power remained at 370 watts, After 7 hours of operation
at , 003 duty factor, the peak current emission had decreased to 54,7 A,

Evaluation of the cathode emission life continued at . G601 duty factor,
starting at a peak current of 83 A, The oxygen source heater power was
initially 55 watts, but was later increased to 59 watts, Figure 6-12 again
shows both the peak current emission and the oxygen source heater power
as a function of time for this operating condition. After 10 hours of operation
at . 001 duty factor, the peak current had decreased to 66 A, where it stabilized,

The emission was quite sensitive to O, pressure, an increase in O
heater power of only 1 watt gave a corresponding increase in peak curren

Cathode emission life test of model No. 8A was terminated after a total
accumulated time of 58 hours to rebuild the test vehicle with a modified
aluminum cathode emitter and supporting structure for improved performance,

6.2.2 QKS1397 Model No. 8B. Test Vehicle No. 8A was rebuilt as model
No. 8B with a smaller diameter (I, 680 inches) aluminaom cathode, This smaller
cathode diameter conformed more closely to the "standard" QKS1397 design,
which has shown practically no pi-mode oscillation,

The operating point selected for test evaluation was the following:

fo = 3.4 GHz

P, = 877 kW peak
PO = 1770 W average
B = 3000 gauss

i - 100 A peak
ey = 28 kV

In Figure 6-13, the solid line shows the peak tube current and the
dashed line shows the oxygen-dispenser heater pawer, hoth as a function of
time. With an initial peak drive power of 125 kW, a peak current of 100 A
was obtained at . 002 duty factor. This level of emission could be majn-
tained for just cver an hour, after which it rapidly decayed to 55 A. The
peak drive power was then raised to 150 kW after changing to a , 001 duty
factor. The emission recovered to 88 A, but thern a voltage breakdown
occurred within the tube (due to temporary loss of rf drive power), and
the emission again rapidly fell off to 55A. The oxygen dispenser was then
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activated and again the emission recovered to 88 A. However, the removal
of the oxygen disperscr heater power resulted in a rapid decline of the peak
tube current, The tube was then "conditioned" for half an hour with onlv
drive power presunt, ufter whicl. the emiseion gradually recovered to 8U A,
An internal tube a~c (again due to temporary loss of drive power) caused the
emission to decline. The emission test continued fairly smoothly (with a
few tube arcs) into the 52nd hour, with emirsion stabilized at approsximately
77 A, but at 52 + hours the dispenser heater shorted with 65 W of heater
power, Without oxygen dispenser power to maintain a partial pressure

of oxygen in the tube, the emission gradually decreased, and the life test
was terminated at approximately 82 hours.

6.2.3 QKS1397 Model No. 8C. Model No. 8C was built with a 0. 5 mil
evaporated layer of alumirum on an OFHC copper base for the cathode. The
cathode was 1. 645 in. in diameter and 0. 670 in. high, The initial operating
peak current level was chosen at 54. 5 A, at the following operating conditions:

e ety At LA S

Du = . 001
b £ = 3.3 GHz
Py, = 110 kW
P, = 800 kW
eb = 31 kV
B = 3000 gauss

The 54.5 A emission level could not be maintained, however, withott
the use of the oxygen dispenser. The oxygen-dispenser heater power was
therefore gradually increased to 60 watts, at which point the emission had
recovered sufficiently for operation at the level initially selected,

In Figure 6-14, the solid line shows the peak current, and the dashed
line the oxygen-dispenser heater power, both as a fuaction of time. The
maximum emission current available is also indicated in the illustration by
X's,

In the 18 to 22 hours operating period, the driver-tube trigger ampli-
fier became unstable, causing the test vehicle to arc, with a2 resultant loss
of emission, After repairs and emission reconditioning, accomplished by
increasing the oxygen-dispenser heater power to 65 watts (O, pressure ap-
proximately 10-6 torr), life testing was continued at the initially selected
peak-current level through the 73rd hour of operation. At that point the
maximum peak current available had decreased to the operating current level.

The operating conditions were next changed to a duty factor of , 002
and a frequency of 3,35 GHz. An immediate decline in the peak current
available was observed, although it could be recovered by increasing the
oxygen-dispenser heater power to 70 watts, However, operation at this
heater-power level would have shortened the oxygen pellet life and the heater
power was therefore restored within 2 short time to 65 watts,
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Low gauss emizsion current boundary data taken at 114 hours of life
are shown in Figure 6-15. At the operating level of 3000 gauss (I_ =1.25 A)
the ecb was only 44 A,

After approximately 120 hours of cperation, the test-vehicle trigger
amplifier became erratic, causing the tube to avc, and resulting in a
loss of emission. The emission gradually recovered after the trigger-
amplifier unit was repaired. At 140 hours of operation, the emission
was further improved by increasing the peak drive power to 125 kW.
After about 10 hours of cperation at this level, the drive power was restored
to 110 kW, and the resultant continual decrease in peak-current emission
was observed,

At 182 hours of operating time the oxygen-dispenser power supply leads
were shortened by eliminating all clip leads, This reduced the lead resist~
ance, and thereby increased il:e power available for heating the oxygen-
diepenser pellet, The peak-current emission available showed an immediate
increase to 56 peak A, but again it could not be maintained. The peak-current
emission leveled off at around 40 A,

T
z
T
%

After 235 hours on life the tube was taken off the test set for a month,
then restarted without the use of oxygen. The O, aad rf drive were applied
for five hours, and then the O, was turned off. The tube then operated for
90 hours at 50 peak A without %xygen. There were acme minor equipment
problems which momentarily reduced the current, but this was not the fault
of the cathode. ’

During the 90-hour period of operation, a micro leak, which had
developed in a window weld, supplied a very limited amount of oxygen in the
tube. The vacuum level was initially on the 10~8 and finally the 10~
torr scale during this period. The cathode emission had improved, appar-
ently because of the micro lez , such that the tube could operate at 50 peak
A, whereas before the peak current was limited to 40 A, even with the OZ
source on. The tube was retubulated and the leaky weld repaired, but
the cathode was not removed, The tube was rebaked and replaced in the lifs
test station under the following conditions:

Du = . 0017

fo = 3.3 GH:
Pin = 63 kW

Pout = 700 kW

2 = 25 to 30 kv
ib = 38-44A
B = 3000 gause
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Figure 6-15 QKS1397 No. 8C - Emission Current Boundary

after 114 Hours of Life Test - Evaporated Al on
Cu Emitter
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The initial maximum peak current was 40 to 45 A. The tube had been
running at 50 A before the leak developed. An cxygen treatment of approxi-
mately 1 x 1078 torr for 4 hours without the rf on did not show any marked

improvement. The tube was run for about 5 hours and then the 02 source was
heated while the tube was operating.

The emission current boundary recovered with the O, present, and the
tube ran with O, for 8 Lours. The variation in current during that time was
apparentily caus%d by the modulator and was not a tube limitation. The tube
was retired from life test for one month and when life test was resumed,
the tube ran very well at over 50 A peak curzent for 10 hours. However,
after being off over a weekend, the tube did not immediately function well,
but it finally settled down and ran well at 41 peak A. In retrospect the trouble
experienced around 360 hours was caused by modulator and/or phasing of
the final tube with the driver, and was not an emission limitation,

The tube was then taken off life test for about a week, and when put
back on, it ran poorly. At 420 hours on life test it was discovered that
the Vacslon pump power supply was defective, indicating a pressure low on
the 108 torr scale, while the tube was actually on the 1074 torr scale. The
leak was repaired with Permafil and the power supply was replaced.

Life test was resumed at 45 peak A. The tube ran very well here for
130 hours (this was the 550 hour point) without any additional oxygen., The

life test was then terminated, and the tube was subjected to high power
testing.

6.2.3.1 QKS1397 Model No. 8C - Special tests after 550 hours cf life.
The tube was subjeciad to 80 hours of high power testing after the end of the
550 hour life test. Several low gauss e vs i plots were made to determine
the actual emission current boundary {ecb). These plots were repeated many
times during the 80 hours. Figure 6-16 shows the initial data.

as i at . 0017 duty cycle,
The peak current was increased from 45 to 6~2 A at

After 9 hotll)rs the ecb dropped about 30% as shown in Figures 6-17 and 6-18
and 5 additional hours of operation at 73 A peak had littie effect upon the ecb.

Quite often the tube would arc badly as the ecb yas excgeded. This
would increase the gas pressure in the tube from 107" to 107~ torr, and the
ecb would drop by up to 50%. However, within 5 minutes the ecb would
teturn to its original value.

The pulse repetition rate was increased from 480 to 720 pulses/sec and
the tube was aged for 3 hours at the same peak current level. See Figure
6-18. After this, the ecb dropped slightly. To increase the rate of decay,
the repetition rate was increased to 1000, producing an ecb of approximately
75 A at Iy = 0,2 A, The tube was aged at a repetition rate of 1000 pps
at a peak current of 62 A for 63 hours., The ecb data were taken every few

hours, but rernained unchanged throughout, Figure 6-19 shows the gauss
line plots at the end of 80 hours.
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Figure 6-16 QKS1397 No. 8C - Emission Current Boundary -
Evaporated Al on Cu Emitter
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Figure 6-17 QKS1397 No. 8C - ECB as a Function of High Power
Testing - Evaporated Al on Cu Emitter
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Figure 6-18 QKS1397 No. 8C - Emission Current vs Operating
Time - Evaporated Al on Cu Emitter
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Figure 6-19 QKS1397 No. 8C - Emission Current Boundary -
Evaporated Al on Cu Emitter
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The oxygen source was reheated after being off for the last 280 hours
of test. Immediately the current mode boundary increased 30% and stabilized
at this level, {This :s also shown in Figure 6-19,) The tube was then removed
from test and disassembled,

6.2.3.2 QKS1397 Model No. 8C - cathode inspection, The 0,5 mil
aluminum film cathode was in fairly good condition after being operated f»r
over 600 hours, {(Figure 6-20). There were several arc marks on i%, but
less than 5% of the film had been stripped off. However, the beryllium oyide
insulator that conducts the cathode heat to the water at anode potential had
cracked and it too showed signs of severe arcing. (This is the probakble cause
of a major portion of the arcing experienced in the last 100 to 200 Lours of
life at the high voltage levels, )

The initial life test data was taken at 1, 25 A gaues cu.rent and 32 kV
anode voltage and the last 150-hour segment of the 550 hours life test was
conducted at 1,0 A gauss current (26 kV anode voltage). The high duty cycle
and high peak current tests were conducted at 0, 9 A gauss current (26 kV
anode voltage). At higher gauss ievels the tube would arc excessively because
of the broken insulator,

6.2.4 QKS1397 Model No, 8D, The cold cathode test vehicle QKS1397
No. 8C was disassembled and the cathode was completely stripped. The parts
were all chemically cleaned and H fired, and the windows were recoated with
titanium sub-oxide to prevent multipactor problems. The cathode assembly
and oxygen sources were replaced, and a beryllium cathode was installed.
The tube was sealed, baked out, etc., with no problems. The O source was
degassed up to 60 watts while still on the exhaust station,

The only electromagnet available for this tube would saturate at fairly
low gauss levels. Therefore, the gauss levels and ecb data are lower than
normal for this cathode. The tube was tested initially without the use of
oxygen, Figure 6-21 shows the operating conditions {operating current and
duty cycle) and the maximum emission current available at the gauss 1evels
at which the tube was evaluated during life testing. During the first 110 hours,
the cathode was evaluated at two gauss levels, 2150 gauss (gauss cu-rent
0. 85 A) and 2000 gauss (gauss current 0. 75 A);, during the remainde~ cof the
test, only the gauss level of 2150 gauss was used.

The emission current boundary (ecb) dropped by approximately 33%
within the first 11 hours of operation {at an operating current of 50A for 6
hours and 31 A for 5 hours). The Q2 source was then heated with 60 waits
producing a pressure of ~2x 10-6 torr. This did not improve the emission.

After about 40 heurs of application of Op, the O; source power was
raised to 75 watts. This increased the pressure into the 10~> torr range and
immediately activated the cathode. Apparengly, the O source was not fully
degassed, so that the initial pressure of 107° torr was not primarily due to
02, but probably due to desorbed gases.
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With the O, source turned off, ecb dropped by ~28% within 15 hours
and by ~40% within 20 hours, i.e., al a rate of about 2% per hour of operation
at a . 004 duty cycle and an operating peak current of 31A. When the O;
source was turned on again (heater power 75 watts) ecb improved very
rapidly, increasing by 10% in 2 minutes and by 65% in 6 minutes.

Next, the duty cycle was reduced (0 , 002 and the operating peak current
vas increased to v0A., Operation of the O2 source was continued for 3 hours,
with the result that ecb remained constant during this period (ecb  was
75A at 2150 gauss and 60A at 2000 gauss; see Figure 6-21.) Operation of the
tube with the O2 source turned off caused ecb  to decay by about 7% within
the next 6 hours, If one considers that the duty cycle was reduced to half of

its previous value, this is a decay rate comparable to that of ~2% observed
after the first O2 treatment.

The O, source was reheated for another 3 hours. The duty cycle and the
operating peak current of the tube remained unchanged. This restored ecb
to the level observed 2t the end of the preceding O, treatment.

The O, source was turned off and the operating peak current was
reduced by 25%, i.e., to 45A. The duty cycle (. 002) was not changed. The
result was that ecb  had decreased by ~30% after 22 hours of operation.

The O scurce was reactivated and operated again for 3 hours without
changing the duty cycle and the operating peak current of the tu~e. The ecb
rapidiy increased from 50 to 107 A, then leveled off at 95A. This current

was 20 A higher than the inaxirmmum values achieved after previous O) treat-
ments.

With the O, source turned off, operation of the tube continued 2t an
operating peak current of 45A and a duty cycle of . 002 for 8 hours. The ecb

was checked every 15 minutes. At the end of this period, ecb  had
decreased to 55A.,

The duty cycle was then increased to . 004, thus doubling the average
operating current, and the O, source was operated for 1 hour. This increased
ecb  te 90A. When continuing the operation of the tube without O, assistance,
ecb was found to have decreased to $60A within 8 hours and to 55A within
10 hours., This decay rate is somewhat lower than that observed after the
previous O treatment, even though the duty cycle was twice as high as before.

The duty cycle was next reduced to . 002 again, but the operating peak
current was doubled (to 90A) so that the average operating current was the
same as before. Operating the Q, source for a period of 1 hour activated the
cathode to an ecb  of 110 A, i.e., to a value slightly higher than the highest
level obtained previously (107A)., The decline of ecb  during continuation
of the operation of the tube with the O2 source turned off was very slow - only
9% during the first 10 hours (from 110A to 100A}, After 14 hours, ecb hnad
decreased to 98A, Plots of ecb made at this point are shown in Figure 6-22.

To reduce the danger of arcing, the operating peak current was decreased
to 75A.
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It was then decided to test the tube again at the low operating current
level of 45A, where the decay rate of ecb had been previously quite rapid, The
eck now dropped from 90A to 82A during the next 3 hours, but then decreased
more slowly., After the operation of the tube had been continued for an additional
10 hours, ecb was still T8A.
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0
e
—o______________/-o Im =1.25
. _ o s 2400 GAUSS
7
= 20t /"“‘c— \ _47—0%:0.85
w — —o—F 2150 GAUSS
= %;:-:2: 71y 2 0.75
= B8 " 2000 auss
>
w 10}
(=4
=z
0 1 1 1 1 s 1 1 2 L 1
0 ¢ 40 60 80 160

PEAK ANODE CURRENT ({A) 642650

Figure 6-22. QKS51397 Serial No. 8D, Beryllium Cathode

With the tube cold and the rf drive off, the O; source was reheated.
The U2 pressure was held at 10-5 and 10-4 torr scales for 10 minutes and
then pumped out for one hour before the tube was started. This was dcne
to check cathode activation by Oz with the rf off. When the tube was restarted
there was no extra cathode activaticn or emission enhancement as a result of
admitting Oz with the rf power off,

The run was continued for another 25 hours with ech stabiiizing at 70A,

At the end of the program the tube had accumulated 187 hours of life
test and was still in good operating condition,

6.3 Test of beryllium oxide emitter for 1000 hours in QKS1267. Life
test information was accumulated on 2 cold beryllium oxide cathode operating
in a2 special model of the QKS132467 Amplitron. While not part of this program,
the results : re reported here because of their direct relations to the goals of
the Cold Cathode Study. Tie QKSI1267 was built as a means of avoiding a
difficult heater problem in tae normal thermionic cathode arising from an
application requiring a tube to operate at both a very low and a very high duty
cycle,
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In place of the regular emitter, 2 beryllium emitter was installed in the
QKS1267; an oxygen-dispenser was also incorporated. The tube was processed
and tested normally, It was established that the oxygen dispenser required
about 5.0 V and 7.0 A to maintain stable cathode emi sicn for more than short
periods of operation in the custemer's transmitter. Operation at 3.5 A peak,
which is the normal current for the tube's rated 60 kW (peak) output, was
maintained uneventfully for 274 hours. It then became necessary to raise the
applied dispenser voltage to 5. 5 volts to counteract a decreasing emission
limit - only 2.8 A peak over part of the specified 2.9 - 3. 1 GHz band, This
change rapidly increased the emission to normal, and the test was continued

for a total of 1000 hours without any trouble attributed by the customer to the
tube.

The 1000-hour test was operated 16 hours per day on 5 and 6 day work
weeks, with the frequency changed 1¢ MHz every hour and power measure-
ment made every 4 hours, The operating point was the following:

e = 27 kV (cathode puised)
ib = 3.5 A yeak
Ib = G5 mA.
tp = 34 microseconds
PRR = 800
Du = L 027
Po 50 1t
peak = 50 kW
o avg = 1,620 xw
Pa peak = 1.6 kW

No perfcrmance detericration was observed during or after this
test. The cold cathode emitter siress levels were as follows:

Average Current Density: 15,2 mA/ cm?
Peak Current Density: 0.56 A;'crnz

Average Power Dissipation 2
Density: 30 W/em
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The average current and power dissipation levels in the QKS1267
are close to those required in the QKS1397 forward-wave CFA Cold Cathode
Study test vehicle at the 5000 watt average power output level (22 mA/ cm?
and 37 W/ cm?, respectively). The peak current density of the QKS1397
‘4.5 A/ cm®) and other high peak power CFA's is greater than that in the
QKS1267. However, both peak and average back bombardment current
densities are probably significant to cold emitter life. It is true that the

effective secondary yield required of the QK51267 emitter is low (6 ¢ = 1.4)
compared to that required of the QKS1397 emitter (6 = 3.4 for 1 MV,

2.2 for 0.5 MW) because of the low peak operating current, For another
reason, however, the QKSi26% requires very good secondary emission not
available from a platinum cathode., This is the low unity -§ crossover
energy required to provide relizble jitter-free rf starting at the 1.6 kW
peak rf drive level specified for the tube. No trouble was experienced

with rf starting throughout the 1000-hour QKS1267 operating test.

The QKS1267 1000-hour test is believed to be significant in establish-
ing that oxygen-stabilized cold cathode emission can be achieved from an

oxide-film secondary emitter cathode in a moderately high average power
CFA environment,

6.4 The S-band QKS1194., The QKS1194 illustrated in Figure €-23
is an S5-band backward-wave CFA employing a double-strapped vzne
Amplitron slow-wave structure, The tube provides 1 Mw peak, 15 kW
average power output over the 2800 - 3200 MHz range, It features inter-
changeable cathode heater and coolant assembiies for the initial activation
and operation of its thoria-tungsten secondary emitter. This feature
made it readily adaptable as a vehicle for evaluating that class of cold
szcondary emiticrs which must be thermally activated before tube aging
and processing., See Figure 6-24 for the internal hot/cold cathcde structure.
It operates cathode pulsed at 50 kV and 33 peak with 2 mean peak current
density of 1.5 A/cmz. The tube dimensions are:

Anode Diameter 1.310 in,
Anode Height 1.359 in,
Cathode Diameter . 815 in,

No. of Vanes 17

Drift Space 1 vane width

The QKS51194 was sealed in with 2 barium calcium aluminate impreg-
nated matrix cathode. The impregnated cathode is a good primary emiiter
when operated in the 1000 to 1200°C regicn. Normally it operates with a
thin film of barium and probably calcium {less than a monolayer thick) on
oxygen on tungsten., At the operating temperature the alkaline earth alu-
minate is reduced slowly by a reacticn with the tungsten, forming free barium

and calcium atoms to replace those lost by thermal evaporaticn and sputter-
ing.
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The secondary electron emission ratio for the impregnated cathode
as determined in Phase A of this program is approximately 1. 8 before the
cathode is activated and rises to 3.5 to 4 upon thermal activation., During
life test as a thermionic emitter the 6 normally drops 10 2.0to 2.5

Although the QKS1194 had a means for thermally activating the
impregnated cathode it was feit desirable to start and run the tube without
the use of thermal activation. The information would be useful for tube
types that do not have a heatable/coolable cathode structure.

The tube was sealed-in, baked out, and set up as tune final amglifier
in a S-band chain test setup. The tube was aged with rf drive power only
at 20 kW peak at , 02 duty cycle, This causes some bombardment of the
cathode and some gas evolution, After rf drive processing, the tube started
up very easily - without heating the cathode,

Several low gauss e vs i plots were taken during the initial few hours
of operation. An iritial piot Figure 6-25 indicated 2 moding condition.
Later, low gauss e vs i plots showed single-mode operation (Figure 6-26
and 6-27, The tube was put on life test under the following conditionsz .

ey {£:ic voltage-cathode pulsed) 46 kV
{Average anode current) 600 mA

ib {Peak anode current) 33.3 A

t {Pulse duration) 80 u sec

Igu {Duty factor) .018

Po (Average output power) 20.0 kW

Py (Peak output power) .1 MW

Gain 13 éB

Peak Cathode Current Density 1.5 A/ cm2

Average-Ca‘hode Current Density 27.0 mA/ em?

The tube rar very well for 356 hours as shown in Figure A-28.
Operation was smooth and trouble free, Low-gauss emission current
boundary data indicated no deterioration of the emission (Figure 6-29).

After 35b hours of life test, the tube started gassing up and arcing.
An a2nalysis showed that a leak had developed in the cathede water jacket

at or near the copper-to-molybdenum joint, The leak was repaired with
Permafil.

The corrosion of molybdenum by water has been experienced recently

in other types. A nickel plating on the inside of the molybdenuir would have
prevented this problem.
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The tube was off the life test statior for 3 months, The vacuum was

monitored for the first month and appeared to be holding up, but when the
tube was put back in test it had lost itz vacuum,

6.4.1 Scrap analysis, After the impregnated cathode was removed

6.4.2

a.

from the QKS1194, it was evident that water had corroded the molybdenum

to copper joint and had leaked in, Barium calcium aluminate is very hygro-
Thus the cathode had absorbed a large quantitr of water, had swollen
up angd cracked, and a white oxide layer had formed over its surface.

Summaryv of principal results,

Aluminum and beryllium:

1. The naturally oxidized surface of solid aluminum or
beryllium is in the order of 25 A thick. These surfaces show
2 high 5 of around 3 to 5, but do not stand up under
electron and/or ion bombardment in CFA operation.

2. The dispensing of a low partial pressure of oxygen
within the tube, about 10-7 to 10-6 torr, is effective
in restoring Al and Be cathode emission to values
near the original levels; emission recovery usually
takes place more rapidly when the tube is kept in
operation during the administration of oxygen.

3. The emission required for a given peak and average
tube power output level can be maintained for pro-
ionged periods of time (over 1000 hours) from an Al
or Be cathode with oxygen dispenser heater power
adjusted to provide sufficient oxygen to counteract the
emission decay mechanism, at least up to the average
current levels explored (15 mA/ cm?),

4, The need for 02 decreases during life,

5. Working limits for oxygen-assisted cathodes have not
yet been established, but the observed need for more
O, pressure at higher duty factors in a given design
suggests that the upper limit depends upon the average
current density required and the maxirnum gas pressure
that can be tolerated before normal tube amplification
is affected or interelectrode arcing is caused.

Impregnated tungsten emitter:
1. The impregnated tungsten emitter {impregnant: barium-

calciumm aluminate) was operated without oxygen at a
moderately high average current density {27 mA/cm?)

~ 123 -

T




== s e e 525 St bt T e et 3 S o ok e S R
—— e e e A s LTl

i
!
r{l
§

for 356 hours without any indication of emission decay,
Any emissicn deterioration mechanism which may exist
for this emitter in the QKS1194 mnust therefore proceed
at a very slow rate.

c, Platinum emi‘.ter:

The plain platinum emitter evaluated in the QKS1319 showed a very
low emission current boundary as expected for a low voitage tube.
Other data on an S-band platinum cathode tube at Raytheon * showed
trouble free CW operation up to 400 KW, where the operating
current density was over 600 mA/cmZ and the cathode bom-
bardment power density was 600 watts/cm?Z,

7.0 DISCUSSION OF RESULTS

7.1 Emission current boundaries. The secondary-emission-limited
emission current boundary of a CFA employing a cold cathode depends on the
effective secondary emission ratio (§.¢f) of the cathode surface. The energies
and angles of the back-bombarding electrons are unknown, but 2 means for
estimating has been devised. The effective § in the CFA therefore can be
estimated,

In the absence of a thermionic contribution, the available anode current
may be expressed as

Ia = (6eff-l) Ipy (2)
where Ia is the available anode current
Geff is the effective § in CFA taking account of energy and

angle spectrum of back-bombarding electrons.

Ibb is the back-bombarding electron current.

The dependence of I_ on the anode voltage will depend on the assumption or
approximations made for . If we assume that is proportional to 1 , the
characteristic current of the crossed-field device, then we obtain the reSuit that
I, is proportional to Va3i z, Thus, the perveance represented by the emission
current boundary {ecb) would be proportional to (6,¢s~1). However, it is found
that a better fit to experimental ecb data of our own and others is obtained by a
linear relation of the form

Ia = b (s eff-l) (va - vt)
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V, is a threshold voltage and reflects the fact that § decreases to below
1.0 at the "first crossover" voltage, _Figure 7-1 shows emission
current boundaries in the QKSi319 CFA test vehicle for several cold
cathodes, namely platinum, aluminum, beryllium, and a 1000 A film

of 30% Mo-70% AIZO on 2 Mo substrate, If we assume that 6eff for
Pt is 1.8, we may c%mpute & cf for other cathudes in the sameé CFA
by noting that the slope, dla/d¥ , of the ecb is proporticnal to

(6eﬁ-1). The following values 8t épff are thus obtained:

Cold Cathode Material Seff
Al 5.8
Be 4,6

30%Mo-7C% Al 203 film 2.2

Secondary emission measurements of an aluminum or beryllium
sample, havin% on its surface a thin oxide film of 25 to 50 A thick from
exposure to 20 C air, yield values of 6 max of 2.0 to 2.5. These values
are much lower than § in a CFA, Optimally oxidized aluminum o¥
beryllium samples, howgver, do have 6,5 values of 4 to 6. Possible

explanations of the anomalously high 8eff of aluminum or beryllium
cathodes in a CFA are:

a. Special effects of the thin dielectric film at the cathode surface
on the back-bombardment current.

b. Enhancement of 6 due to tube operation, involving a change
in the nature of the oxide fiim. This has been shown to

happen after lomg time exposure to oxygen daring tube
operation,

c. Greater preponderance of grazing incidence for back-bombarding
electrons in the case of the oxide film.

7.2 Aluminum. ©KS1397 No. 8A and 8B showed that a solid
aluminum cathode with its natural oxide layer will have good secondary
emission initially, but that its lifetime under the condition imposed by
the CFA operation is in the order of a few hours.

Tests showed that the electron bombardment vx:iill dissociaftc the thin
ide film and allow the oxygen to escape. If a steady source of o
3§;geen1is available to replace that lost by electron bombardment dissociation,
the secondary emission level should remain high.

Tube No. 8A and 8B showed that if the oxygen press_;zre as measured
by the attached Vac-Ion pump was approximatt.:ly 1 x ‘1 G- { torr, a peak
emission level of 70 A (4 A/cm¥®) could be maintained and when the oxygen
is removed, the ecb gradually decreased.
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QKS1397 No. 8C, which had an evaporated layer of Al on a cepper base
cathode, showed similar results. This cathode required an O, pressure high
in the 1076 torr range to maintain good emission initially.

After 240 hours of testing, this tube could operate at 50 A peak, even
without the use of O,. A possible explanation is that the cathode became sat-
urated with O, as a consequence of the bombardment by O ions with energies
up to 30 kev. These high-energy O; ions may be implanted zeveral atomic dis-
tances deep into the cathode. Since the O, is not merely adsorbed at the surface,
but is actually buried, it cannot be released easily. Thus the thin Al,03 film on
the aluminum surface will undergo a gradual transition to O, near the surface
of the cathode. The low O, pressure of the residual air in the tube may then
be sufficient to maintain this configuration.

o AR e I KA I R TR RO g ]
s A B A ix Fricr Ty TN AT A ¥R R

The ecb tests performed during the special tests of this tube after the
completion of the 550-hours of life testing caused periods of arcing which were
detrimental to the cathode and resulted in a decrease of the ecb from 110 A to
around 75 A. Nevertheless, this ecb level was maintained {without the assis-
tance of Op) 2ven though the operating peak curreni was increased to 62 A
and the duty cycle was doubled. Furthermore, the addition of O, at the end

of the special tests increased the ecb, indicating that reactivation of the cathode
was possible.

In summary, the results show that a pre; _rly processed aluminum cathode
will produce a good, stable emission. Optimum processing probably means
subjecting the cathode to high energy O, ion bombardment and then providing

a low partial pressure of O, in the tube during life to maintain the cathode at 2
state of equilibrium.

7.3 Mo-doped AIZO;;?. film . The 1000 A Mo-doped A1203 film

{30% Mo - 70% A]ZO ), TV No. 1C and 1D, acted very similariy to a plain
aluminum cathode, 31: had good secondary emission initially, but after
23.5 hours of operation at . 002 duty cycle it was nearly depleted,

After the cathode was exposed to air again, the emission recovered,
indicating that the thin surface oxide film was the most important and that
the remainder of the 1009 A layer was irnmaterial.

Since the Mo-doped A1_0O, film had nc better performance than plain
aluminum, there is no a.ppau-gnt:5 justification fcr using it.
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7.4 Berylliem., The behavior of the beryllium cold cathcde was very
similar to that of the aluminum cathode. Both metals form 2 v=ry tenacious

oxide film in the order of 25 A thick upon exposures to air. This film is adequate
to give good emission for a few hours of life only at low duty cycle.

b

fter 37 hours of operation of the beryllium cathode in Q¥.§1319
No. 2, at. 0l duty cycle the cathode emiseion was depleted {Figure 6-9).
Exposing the cathode to 2ir again temporarily restored the initial emission .

i gttt T

With the addition of oxygen, beryllium makes a very good secondary
emitter. The life test vrn QKS1397 No. 8D was carried out with the O)
source off most of the time after the cathode had become activared. Extra
oxygen treatments were used only periodically to reactivate the emission.

gl
R ‘ ‘
. 'vﬁ-m.w.\ s gl .

The most significant aspect of this life test is the emissicn decay rate z
during the last 80 hours of life test. At 45 peak A, .002 duty cvcle (5 mA/cm
average), the decay rate was rapid - about 50% in 8 hours {Figure 6-21). After
rejuvenation by oxygen for one hour at the same peak current, but twice the
duty cycle, the decay rate had decreased when the tube was subsequently oper-
ated under the same conditions, but in the absence of O,. Then the peak cur-

rent was doubled to 90 A at . 0C2 duty cycle and O was Zadmitted for one hour.
Upon r=moval of the O,, the decay rate was much lower.

gt 41 A
ST

o
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One might erroneously assume that the higher peak and average current
is less harmful to the emission level, but this is not the case. The peak current
was later reduced to 45 A at . 002 duty cycle and the decay rate was still very
low. This test shows that the nature of the cathode surface has constantly
changed during life, such that electron bombardment dissociation was suppres-
sed. The mechanisme involved may be assumed to be the same as those sug-
gested in the discussion of the aluminum cathode of Test Vehicle QKS1397 No. 8C.

7.5 Impregnated tungsten cathode. The impregnated tungsten
emitter in the QKS1154 worked very well, The fact that it did not require a
thermal outgassing and activation cycle was very surprising. At an average
current densgity of 27 mA/ cmz, and a moderate duty cycie of - 018, the tube
ran very well for over 350 hours. The emission current boundary stayed
practically constant after the initial few hours of processing.

This cathode consists of a tungsten matrix with the pores filled with
2 molten mixture of barium-calcium-aluminate compounds, During activa-
tion as a thermionic emitter, the barium-calcium-aluminate is reduced very
slowly by a reaction with the tungsten., The tungsten surface becomes
covered with barium and calcium on oxygen about one atomic layer thick.
Probably, the aluminate becomes rich in metallic ions also, which should
increase its conductivity and the emission level.
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The secondary emission ratio of an impregnated cathode is usually low
initially, approximately 1.8, then risirg to 3. 5 to 4.0 with thermal activation,
and later dropping to 2.0 to 2. 5. In the CFA, the elecron bornbardment appar-
ently caused sufficient activation without heating to produce vary good secondary
emission. After 12 hours of test and up through the 326 hours, the low gauss
e vs i plots were very stable (Figures 6-26, 6-27, and 6-29). At 25 kV over
35 A were available. The tube operating level for 1.1 MW output was only
33 A at 46 kV.

The impregnated cathode in the QKS1194 may be compared: with the
tungsten-thoria cermet and platinum cathodes that were used in the same
tube type on other programs. At the normal operating gauss level, the platinum
cathode had an emission current boundary of 23 A at 46 kV. The tungsten-
thoria cermet had an ecb of around 60 A, which is according to general expe-
rience about the same as that for the impregnated cathode.

The secondary emission ratio of platinum is 1.3, Although more ecb
data would be desirable at lower gauss levels for the platinum emitter, one
can use the 1, 8 figure to estimate the 6 of the impregnated cathode during
life as being arouné 2.2, This is the same value found in the secondary
emission test vehicle in Phase A for the impregnated cathodes,

The initial high activation seen with the matrix cathode indicated a é
of over 3.5. At thisz time, the tube was mcding, which makes the data
difficult to interpret, but the § value of 3. 5 compares with the phase A
secondary emission value of 3. 5 to 4 found upon initial activation of the
impregnated cathode. By twelve hours the emission level and tube
operation haa stabilized at 2.2 and remeined so throughout life test.

The initial high emission level for the impregnated cathode without
thermal activation was not expected, Also, the maintenance of the high
secondary emission level for over 350 hours with the cathode ccld was
still more surprising. It is assumed that the primary mode for emission
enhancement is the dipole layer on the surface. The dipole layer (B3-O-W)
is retained by much higher energy levels than those associated with the binding
energy of an oxide. Also, the dipole layer should be fairly transparent to the
high energy bombarding electrons.

Even though only one CFA life test was performed on the impregnated
cathode, its excellent operation warrants further testing.

In the use of the cathode as athermion%% emitter even a very small
trace of oxygen will cause severe poiscning, = A trace of oxygen will destroy
the electro positive dipole layer needed to lower the work function of the
cathode surface. The QKS1194 test vehicle incorporated an oxygen source, but it
was not used. A high secondary emission ratio is partly dependent upon an electro-
positive layer also, (but not nearly as much as a thermionic emitter), so that
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the.use of oxygen with this type of emitter might decrease its gecondary
emission ratio. However, the contribution of the Ba-Ca-aluminate impreg-
nant to 8 might e enhanced by OZ’

7.6 Platinum. Smooth platinum has a & of 1.8 and a iow voltage
unity crossover of approximately 350 volts. This 6 was not high encugh
for the QKS1319 with its relatively low operating volitage (10 kV). However,
for higher voltage tubes where the peak power requirements may be satis-
fied by an emitter with 2 6 of 1. 8, platinum is the ideal choice.

Platinum is a noble metai. It will not form stable oxide films at the
surface. It can become contaminated only by physically covering it with
2 foreign solid material - such as sputtered copper irom the anode. Tests
on some very high power CFA's at Raytheon have shown that a platinum
cathode can be poisoned by tube arcing when the platinum is physically
covered by copper sputtered from the anode. However. if the cause ol the
arcing is removed, subsequent tube operation at a reduced power level will
cause the copper layer to be eroded and ::11 power can be restored.

7.7 Guideline for choice of CFA cold cathode matexialcs, Guadelines

for tne choice of cold cathode emitter materials for crossed-field tube

applications are suggested by the available CFA data. These guidelines are
summarized below.

Average Emission

) Current Density Recormmended
Required Required Emitter Type
> 2.4 < 1% mA/cm2 Oxygen-assisted
Al or Be
1.9 -2.5 < 30 m.A/cm2 impreg., W

< L9 cmecceeae- Pt

The tentative l.mits suggested chove are shown relative to average
emission current density in the crossea-field amplifier, Normaliy this
current density is probably (within a factor of two) equal to the back-bom-
bardment electron flux experienced by the emitter surface, Actually, it
is these electrons and their ener gv level! which probably determine the
rate of emission deterioration.

The available CFA cathode current is directly dependent on the Slater

interaction space parameter "I and the quantity (6 - 1j; where & is the
"effective'' secondary electron yield required to achieve the operating current
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in a given CFA design when the available rf drive level and tube operating
voltage are moderately high. Rf drive levels of less than 1 - 2 k' peak
and operating voltages less than about 10 kV may reguire use of a more
active (high 8) emitter than would be expected.

No average current density limitation is anticipated for the Pt emitter.
Such a limitation may exist for the oxygen-assisted type of emitter if the
oxygen pressure required is detrimental to tube performance. However,
that level was not reached during testing up to 15 mA/ cm?, Farther

testing may establish such a limit, while further developments may raise
or eliminate it.

As a conclusion drawn from the above tests, we have demonstrated
with several cold cathode CFA!s a life performance of up to 1000 houxrs
with no indication of a life limitation, Ozxygen stabilization can indeed
achieve very long life, Oxygen source life of 10, 000 hours in a high stress
level CFA (such as the QKS1397) is believed to be achievable. Both platinum
and impregnated-tungsten cold cathodes can be ernployed in applications and

tube designs requiring 6's of up to 1. 8 to 2.5, but higher § requirements
call for oxide-film cold cathodes.
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cathodes iz the electron and ion bombardment of 2 CFA. The pure (unvxidized) metallic cold cathodes have a longer life ox-
pectancy but a lower secondary emission ratio {and therefore jower available current) :n a CFA.

Both the materials investigation phase and the tube evaluation phase of the program have Gemonstrated the advantages
of thin films of A1,0, and 2«0, and impregnated tungsten, although sxplnratory experiments were als'a performed on other
materials of imerést? such as srmiconducting diamond, boron nitride, si!ver-mgnesngm. and beryllium-ccpper. It was
shown that dissociation of the oxide films caused by electron bombxrdmn} in an operating CFA can be gvercome by
providing 2 low pressure atmosphere of Oz and that § can theredy be subxl:ze«:l atan ac'ccyubly high value over extended
periods of time, CFA life tests of up ta 1300 hours have confirmed the feas:bility of this approach. )

Ovur expeniments indiczted 2 tendency oi & to stabilize at 3 value intermediate between the maximum and n:xmmurr;
values found 23 a Tesclt of repeated electron borntbardment dissociation =ad Oz-ax?isted Tegeneration of the sur z’u}- o:u cs.
This may be tentatively explained by assuming <bat, afrer much surface manipulation, a mgul'r:cb _ﬁlm fﬂ Pnl‘! ~-3 atom
layers forms at the susface, thus protecting the 4 rmhancing oxide layer underneath from juntkher dissociatien. .

The eifects of typical tcbe gases other than Uy On Se Angd Al Coid cathodes were alvo investigated. The bcnc. 1cial
effects of H2, COp, and Nz on 8, cbserved particulzrly on Be cathodes, reminded one of the behavior of many mctals
which show 2 kigher & prior 1o degassing. ‘The non-specific nature of the ei{ect lezds one to discount sur.ace dipole effects
but rather tC suspect a connection with the known lowering of the photoelectric work function due 10 gas 7 bsorbed perhaps

into the metal.
* ’ux‘,fehgg?t;n;er!omrd on the barium-calcium-alaminate impregnated tungsten cathod.e demcastrat € its stabilit, under
clectron bombardment and in actual CFA operatior. During a 350-hr CFA test the emission current YLoundary stayed
practically conatant, the cathcde not zequiTing any itial thermal outgassing and activation. The tungsten cathode impreg-
nated with baricum-calciom-aluinste is therefore deheved to be activated by eleciron aad/o_r_xcn oanb_zrdmern by releasing
Ba {rom .Ye al te and enhancing sts diffusion along the tungsten surface. The high stability of th.e impregnated tungsten
cathode impiies adequate reactieation kinetics.

Ban?x cn tb:ze:ults of tkis izrvestigation, the following guidelines are presented for the opuim an selection of CFA
<0ld cathode materials.
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